Biological Control of Oilseed Rape Pests with Entomopathogenic Nematodes by Zec Vojinovic, Melita
                                                    UNIVERSITY OF HELSINKI 
                FACULTY OF AGRICULTURE AND FORESTRY 
 
 
 
BIOLOGICAL CONTROL 
OF OILSEED RAPE PESTS WITH 
ENTOMOPATHOGENIC NEMATODES 
 
 
 
 
DOCTORAL THESIS IN AGRICULTURAL ZOOLOGY 
MELITA ZEC VOJINOVIC 
 
 
4 
                       DEPARTMENT OF AGRICULTURAL SCIENCES             PUBLICATIONS 
BIOLOGICAL CONTROL 
OF OILSEED RAPE PESTS WITH 
ENTOMOPATHOGENIC NEMATODES 
 
 
 
 
 
 
 
 
DOCTORAL THESIS IN AGRICULTURAL ZOOLOGY 
MELITA ZEC VOJINOVIC 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ACADEMIC DISSERTATION 
 
To be presented, with the permission of the Faculty of Agriculture and 
Forestry of the University of Helsinki, for public examination in lecture room 
B2, University B building, Viikki, Latokartanonkaari 7, on 29 October 2010, 
at 12 noon. 
 
Helsinki 2010 
 
 
 
 
 
 
 
 
DEPARTMENT OF AGRICULTURAL SCIENCES │PUBLICATIONS│ 4
 Supervisors: Professor Heikki M.T. Hokkanen  
  University of Helsinki  
  Department of Agricultural Sciences/Agricultural Zoology  
  FIN – 00014 Helsinki, Finland  
 
  Professor Ralf U. Ehlers  
  University of Kiel  
  Dept. Biotechnology & Biol. Control   
  DE- 24118 Kiel, Germany  
 
 
Reviewers: Professor Marek Tomalak 
  Institute of Plant Protection 
  PL- 60-318 Poznan, Poland  
 
  Professor K. Jarmo Holopainen  
  University of Eastern Finland 
  Department of Environmental Science 
  FIN- 70211 Kuopio, Finland  
 
Opponent: Professor Itamar Glazer 
  Institute of Plant Sciences 
  Agricultural Research Organization, The Volcani Center 
  IL- 50250 Bet Dagan, Israel 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cover photograph: Heikki M.T. Hokkanen 
Language check: Dr. Fred Stoddard, Department of Agricultural Sciences, University of Helsinki 
Author’s address: P.O. Box 27 (Latokartanonkaari 5), FIN-00014 University of Helsinki, Finland 
e-mail: melita.zecvojinovic@helsinki.fi 
 
ISBN 978-952-10-4305-5 (Paperpack) 
ISBN 978-952-10-4306-2 (PDF) 
ISSN 1798-7407 (paperback) 
ISSN 1798-744X (PDF) 
ISSN-L 1798-7407 
Electronic publication at http://ethesis.helsinki.fi 
© 2010 Melita Zec Vojinovic, Helsinki 
Helsinki University Print 
Helsinki 2010 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
I dedicate this book to my Ive 
 CONTENTS 
List of figures 
List of tables 
Abstract 
Acknowledgements 
Abbreviations 
1 INTRODUCTION ............................................................................................... 19 
1.1 Biological control ......................................................................................... 19 
1.2 Oilseed rape ................................................................................................ 20 
1.3 Insect pests ................................................................................................. 21 
1.4 Entomopathogenic nematodes .................................................................... 21 
1.5 Purpose of the study and research questions ............................................. 23 
1.6 Research approach ..................................................................................... 23 
2 THEORETICAL FRAMEWORK ........................................................................ 24 
2.1 Occurence of entomopathogenic nematodes and fungi in OSB growing 
system .................................................................................................................. 24 
2.2 Inundation and inocultation of Steinernema feltiae in OSB growing system 30 
2.2.1 Dose ..................................................................................................... 31 
2.2.2 Time of the application.......................................................................... 32 
2.2.3 Method of the application...................................................................... 33 
2.2.4 Abiotic factors affecting EPN efficacy ................................................... 35 
2.2.5 Biotic factors affecting EPN efficacy ..................................................... 36 
2.2.6 Controlled and slow release system for EPN application...................... 37 
2.3 Persistence of EPN in agricultural fields and factors affecting it .................. 40 
2.3.1 Abiotic factors affecting EPN persistence ............................................. 41 
2.3.2 Biotic factors affecting EPN persistence ............................................... 42 
3 RESEARCH METHODS AND DATA ANALYSIS .............................................. 44 
3.1 Survey of entomopathogens in oilseed rape fields in the MASTER partner 
countries ............................................................................................................... 44 
3.1.1 Sampling process ................................................................................. 45 
3.1.2 Data collection: baiting method ............................................................. 45 
3.1.3 Isolation of pathogens........................................................................... 46 
3.1.4 Multiplication of nematodes .................................................................. 46 
3.1.5 Identification of isolated nematodes ..................................................... 47 
 3.1.6 Identification of isolated fungi ............................................................... 47 
3.1.7 Identification of unknown causes of mortality ....................................... 47 
3.2 Experimental units, sites, and organisms .................................................... 47 
3.2.1 Experimental site and conditions in Finland .......................................... 47 
3.2.2 Experimental site and conditions in Germany ....................................... 48 
3.2.3 OSB plants ........................................................................................... 48 
3.2.4 Entomopathogenic nematodes (EPN) .................................................. 48 
3.2.5 Isaria fumosorosea ............................................................................... 48 
3.2.6 Meligethes aeneus ............................................................................... 49 
3.2.7 Baiting insects ...................................................................................... 49 
3.3 Laboratory and greenhouse experiments .................................................... 49 
3.3.1 Development of a controlled/slow release system (CRS) ..................... 49 
3.3.1.1 Choosing a formulation for the prototype biodegradable capsules for 
controlled release system .............................................................................. 49 
3.3.1.2 EPN dynamics and infectivity in CRS and in the soil ..................... 50 
3.3.1.3 Determining the number of bait larvae that 5000 of EPN is able to 
kill in four different media ............................................................................... 51 
3.3.1.4 Impact of the OSB plant on the speed of EPN emergence from CRS 
capsules  ....................................................................................................... 52 
3.3.2 Impact of selected biotic and abiotic factors on S. feltiae efficacy ........ 52 
3.3.2.1 Interaction of S. feltiae and I. fumosorosea .................................... 52 
3.3.2.2 Oilseed Brassica plant and fertilizer impact on S. feltiae efficacy .. 53 
3.3.2.3 Olfactometer experiments .............................................................. 55 
3.3.2.4 M. aeneus- adult stage................................................................... 58 
3.3.2.5 M. aeneus- pupal stage .................................................................. 58 
3.3.2.6 M. aeneus- larval stage .................................................................. 59 
3.3.3 Impact of selected biotic and abiotic factors on S. feltiae persistence .. 59 
3.3.3.1 Impact of I. fumosorosea ................................................................ 59 
3.3.3.2 Impact of EPN ability to penetrate and recycle in M. aeneus ......... 59 
3.4 Field experiments ........................................................................................ 59 
3.4.1 Potential of EPN in controlling OSB pests ............................................ 60 
3.4.1.1 Application methods ....................................................................... 60 
3.4.1.2 Application doses ........................................................................... 60 
3.4.1.3 Application time .............................................................................. 61 
3.4.1.4 Insect sampling .............................................................................. 62 
3.4.2 Persistence of EPN in the field ............................................................. 63 
 3.4.2.1 Soil sampling .................................................................................. 64 
3.4.2.2 Processing the soil samples ........................................................... 64 
3.5 Data analyses ............................................................................................. 65 
4 RESULTS- linking the tentative theoretical framework with empirical studies ... 68 
4.1 Occurrence of entomopathogens in oilseed rape fields .............................. 68 
4.1.1 Horizontal survey of OSB fields ............................................................ 68 
4.1.1.1 The number of dead bait larvae (intensity) ..................................... 68 
4.1.1.2 The number of positive soil samples (prevalence) ......................... 71 
4.1.2 Vertical survey of OSB experimental fields ........................................... 72 
4.1.2.1 The number of dead bait larvae ..................................................... 72 
4.1.2.2 The number of positive soil samples .............................................. 82 
4.2 Inundation and inoculation of Steinernema feltiae ....................................... 83 
4.2.1 Potential of EPN to control Meligethes aeneus ..................................... 83 
4.2.2 Potential of EPN to control pests in wheat ............................................ 87 
4.2.3 Comparisons across years ................................................................... 88 
4.3 Development of a controlled release system for EPN application ............... 90 
4.3.1 Choosing a formulation for the prototype biodegradable capsules 
(controlled release system) ............................................................................... 90 
4.3.2 EPN dynamics and infectivity in CRS ................................................... 94 
4.3.3 Testing the infectivity and number of emerged EPN from CRS to the soil 
  ............................................................................................................. 96 
4.3.4 Determining the number of bait larvae that 5000 EPN are able to kill in 
four different media ........................................................................................... 99 
4.4 Impact of selected biotic and abiotic factors on EPN efficacy ................... 101 
4.4.1 Interaction of S. feltiae and I. fumosorosea in controlling M. aeneus .. 101 
4.4.2 OSB plant, fertilizers and insects ........................................................ 104 
4.4.2.1 Oilseed Brassica plant and fertilizer impact on S. feltiae efficacy 104 
4.4.2.2 Olfactometer experiments ............................................................ 104 
4.4.3 M. aeneus stages ............................................................................... 108 
4.4.3.1 Adult stage ................................................................................... 108 
4.4.3.2 Pupal stage .................................................................................. 110 
4.4.3.3 Larval stage ................................................................................. 111 
4.5 Persistence ............................................................................................... 112 
4.6 Trials in OSB and crops in rotation in Finland ........................................... 112 
4.6.1 Red clover trial in Finland ................................................................... 117 
4.6.2 Wheat trial in Finland .......................................................................... 119 
 4.6.3 OSB trial in Germany .......................................................................... 121 
4.6.4 Interactions for total mortality (K) ........................................................ 123 
4.7 Impact of selected biotic and abiotic factors on EPN recycling and 
persistence ......................................................................................................... 126 
4.7.1 Impact of I. fumosorosea .................................................................... 126 
4.7.2 EPN ability to penetrate and recycle in M. aeneus ............................. 132 
4.7.2.1 Brassica plant and fertilizer impact on EPN recycling .................. 136 
5 DISCUSSION .................................................................................................. 137 
5.1 Occurrence of entomopathogens in oilseed rape fields and crops in rotation . 
  .................................................................................................................. 137 
5.2 Inundation and inoculation of EPN in agro-ecosystems ............................ 140 
5.2.1 Application dose ................................................................................. 141 
5.2.2 Application time .................................................................................. 142 
5.2.3 Application method ............................................................................. 143 
5.2.4 Biotic and abiotic factors affecting efficacy ......................................... 143 
5.2.4.1 Interaction of S. feltiae and I. fumosorosea in controlling Meligethes 
aeneus  ..................................................................................................... 144 
5.2.4.2 OSB plant, fertilizers, and insects ................................................ 145 
5.2.4.3 Stages of M. aeneus: adult, pupa and larva ................................. 147 
5.2.5 Development of a controlled release system for EPN application ...... 148 
5.3 Persistence of EPN in the field .................................................................. 150 
5.3.1 Impact of biotic and abiotic factors on EPN persistence ..................... 152 
5.3.1.1 Impact of I. fumosorosea .............................................................. 152 
5.3.1.2 Impact of EPN ability to penetrate and to recycle in M. aeneus ... 153 
5.3.1.3 Brassica plant and fertilizers impacts on EPN recycling ............... 153 
6 CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER RESEARCH 155 
 
REFERENCES…………………………………………………………………………...158 
 LIST OF FIGURES 
Figure 1: M. aeneus treated with different treatments in flowers. Photo by the author
 ......................................................................................................................... 53 
Figure 2: Greenhouse experiment- part of the crossing zones: B-placement of 
nematodes; A- rhizosphere zone; C-bait larva in the wire bag; D- bait larva in 
the wire bag for the fertilizer treatment; E- fertilizer zone ................................. 54 
Figure 3: Olfactometer (schematic drawing): A -EPN application spot; B- distance 
EPN has to cross to enter the connecting arm (4.25cm); C-central chamber; D- 
connecting arm (5cm long); E- rectangle pots containing one of the testing 
factor; Factor 1-Factor 6- testing factors .......................................................... 57 
Figure 4: A- Filter paper (funnel shape) around the OSB flowers; B placement of the 
larvae with a needle; C- M. aeneus larvae; typical damage caused by larvae . 58 
Figure 5: Photoeclector- A- round base; B- plastic top collection vessel; C- collection 
vessel lid; D- conical black material; E- iron holder; F- connection plastic tube. 
Photo by the author.......................................................................................... 62 
Figure 6: Total mortality proportions (K) in each country. Different letters above bars 
indicate statistically significant differences in mortality proportions (p<0.05). .. 69 
Figure 7: Factors causing larval mortality in each country. Different letters above 
bars indicate statistically significant differences in mortality proportions 
(p<0.05). .......................................................................................................... 70 
Figure 8: Mortality caused by four groups of insect parasitic nematodes in each 
country. ............................................................................................................ 71 
Figure 9: Number of positive samples in each country, for each agent. ................... 71 
Figure 10: Total mortality (K) records for ICM and STN across all countries, 
characterised by the agents causing the mortality. Fungi – mortality caused by 
EPF; Nematodes - mortality caused by insect parasitic nematodes (EPN+PN); 
UBF - mortality caused by unknown biotic factor. The same letters above bars 
indicate no significant difference in mortality proportions (p>0.05). ................. 72 
Figure 11: Total mortality (K) in ICM and STN in each country in 2003. Bars show 
estimated means with standard errors. Different letters above bars in each 
country indicate statistically significant differences between the two systems in 
mortality proportions (p<0.05). ......................................................................... 73 
Figure 12: Total mortality (K) records for ICM and STN across all countries, 
characterised by the agents causing the mortality. Fungi – mortality caused by 
EPF; Nematodes - mortality caused by insect parasitic nematodes (EPN+PN); 
UBF - mortality caused by unknown biotic factor. Different letters above bars 
indicate significant difference in mortality proportions (p<0.05). ...................... 74 
Figure 13: Proportion of dead larvae in ICM and STN in the experimental years. 
Lines show estimated means with standard errors. Different capital letters 
represent significant difference in the STN total mortality over years. Different 
small letters represent significant difference in the ICM total mortality over 
years. p<0.05 in all cases. ............................................................................... 75 
Figure 14: Total mortality records (K) for ICM and STN systems in each county. 
Different letters in each country represent significant difference between the 
systems (p<0.05). Bars show estimated means with standard errors. ............. 76 
Figure 15: The proportion of larvae that died due to nematodes in every system in 
each country in 2003. Bars show estimated means with standard errors. The 
same letters above bars indicate no significant difference in mortality 
proportions (p>0.05). ....................................................................................... 77 
Figure 16: Proportion of dead larvae due to nematode activity in ICM and STN 
 systems in 2003-2005. Different capital letters represent significant difference in 
the STN kNEMA changes over years. Lines show estimated means with standard 
errors. .............................................................................................................. 78 
Figure 17: Records of kNEMA for ICM and STN systems in each county. Different 
letters in each country represent significant difference between the systems 
(p<0.05). Bars show estimated means with standard errors. ........................... 79 
Figure 18: Mortality caused by four groups of insect parasitic nematodes for the ICM 
and STN system, in every year. ....................................................................... 80 
Figure 19: Mortality caused by fungi (kEPF) in ICM and STN in each country in 2003. 
Bars show estimated means with standard errors. .......................................... 80 
Figure 20: Records of kEPF for ICM and STN systems in each county. Bars show 
estimated means with standard errors ............................................................. 81 
Figure 21: Proportion of dead larvae in ICM and STN in the experimental years. 
Lines show estimated means with standard errors. ......................................... 82 
Figure 22: Effect of the medium dose S. feltiae on the M. aeneus and Phyllotreta 
spp. abundance applied at early timing in 2003. Points show raw data from 4-5 
replicates. ........................................................................................................ 83 
Figure 23: Effect of the dose of S. feltiae applied at delayed timing on M. aeneus and 
Phyllotreta spp. abundance in 2004. Lines show estimated means, with 
standard errors. Observed values of zero were set to 0.5 for the plot. Doses 
have been jittered (i.e. a small amount added to the actual dose) to separate 
the data. ........................................................................................................... 84 
Figure 24: Effect of plant cover along with surface and CRS application method on 
the abundance of M. aeneus and Phyllotreta spp. in 2005. Lines show 
estimated means of insect abundance, with standard errors.  Doses have been 
jittered (i.e. a small amount added to the actual dose) to separate the data. ... 86 
Figure 25: Effect of the soil surface and CRS application method on the abundance 
of M. aeneus and Phyllotreta spp. in 2006. Lines show estimated means for the 
abundance of insects in 2006, with standard errors.  Doses have been jittered 
(i.e. a small amount added to the actual dose) to separate the data................ 87 
Figure 26: Effect of the medium dose (0.5 M/m2) of S. feltiae on the abundance of 
insects in wheat in 2006. Lines show estimated means with standard errors. 
Doses have been jittered (i.e. a small amount added to the actual dose) to 
separate the data. ............................................................................................ 88 
Figure 27: Effect of the interaction between the dose and years on the abundance of 
insects in OSB. ................................................................................................ 89 
Figure 28: The effect of dose by year interaction on the abundance of M. aeneus and 
Phyllotreta spp. in OSB. Lines represent 95% confidence intervals. ............... 90 
Figure 29: The percentage of dead bait larvae on day 7, day 14th and day 21 day by 
using the three different formulations. Bars show estimated means with 
standard errors. Different letters for each day represent significant difference 
between the treatments (p<0.05). .................................................................... 91 
Figure 30: The proportion of bait larvae that EPN remaining in capsules were able to 
kill after one month. Bars show estimated means with standard errors. Different 
letters represent significant difference between the treatments (p<0.05). ........ 92 
Figure 31: Impact of OSB plant presence on EPN emergence from CRS. Bars show 
estimated means with standard errors. Different letters for each day represent 
significant difference between the treatments (p<0.05). .................................. 93 
Figure 32: Proportion of EPN remaining in capsules after one month with and without 
OSB. Bars show estimated means with standard errors. The same letters 
 above bars indicate no significant difference in proportions of EPN in capsules 
(p>0.05). .......................................................................................................... 94 
Figure 33: Emergence pattern of EPN from capsules during the 35 days. Estimates 
are made on day 1 (1), from day 7 (2) to day 28 (21) in two-day intervals, on 
day 30 (22), and 35 (23). Bars show estimated means with standard errors. .. 95 
Figure 34: Association between the time in which EPN caused mortality of the bait 
larvae, days after application, and the number of EPN in CRS ........................ 96 
Figure 35: Number of larvae that were killed by EPN that emerged from CRS 
capsule after they were removed from the soil on day 0, 7, 14, 21, 28, or 35. 
Bars show estimated means with standard errors. Different letters represent 
significant difference between the days (p<0.05). ............................................ 97 
Figure 36: Association between the numbers of dead bait larvae in the soil and the 
number of larvae that were killed by EPN discarded from CRS capsules. 
Numbers associated with the data points represent experimental days. ......... 98 
Figure 37: Relative proportion of EPN emerged from CRS to the soil, remaining in 
CRS, and in the soil. Estimates are made on day 7 (1), day 14 (2), day 28 (3), 
day 21 (4), day 28 (5) and day 35 (6)............................................................... 99 
Figure 38: Number of bait larvae that 5000 EPN were able to kill in four different 
media. Bars show estimated means with standard errors. Different letters 
represent significant difference between the media (p<0.05). ....................... 100 
Figure 39: Time (days) in which EPN cause mortality of the bait larvae (in days). 
Bars show estimated means with standard errors. Different letters represent 
significant difference between the days (p<0.05). .......................................... 100 
Figure 40: Mortality of M. aeneus larvae during the four days in four different 
treatments: I. fumosorosea, S. feltiae, simultaneous application of S. feltiae and 
I. fumosorosea, and control ........................................................................... 101 
Figure 41: Uncorrected cumulative mortality M. aeneus larvae caused by four 
different treatments during the four days in flowers. Asterisk represents 
synergistic reaction between Isaria fumosorosea and S. feltiae (p=0.01) ...... 102 
Figure 42: Larva of M. aeneus, infected by S. feltiae and I. fumosorosea 
(simultaneously applied). Photo by Alan Klanac. ........................................... 102 
Figure 43: Mortality of M. aeneus larvae during the six days in four different 
treatments: I. fumosorosea, S. feltiae, simultaneous application of S. feltiae and 
I. fumosorosea, and control. .......................................................................... 103 
Figure 44: Uncorrected mortality of M. aeneus larvae caused by I. fumosorosea, S. 
feltiae, both, or neither, during 6 days in the sand. Asterisk represent an 
additive effect (p<0.05). ................................................................................. 103 
Figure 45: Larval mortality in six different treatments. In each case, except in the 
control treatment (C), EPN had to cross either rhizosphere (P), organic fertilizer 
(OF), synthetic fertilizer (SF) or the combination of plant and fertilizer (P+OF; 
P+SF) zone. Bars show estimated means with standard errors. Different letters 
represent significant difference between the treatments (p<0.05). ................ 104 
Figure 46: Olfactometer A: 1- application point, 2-center sampling area (diameter 
2.5cm from the application point) containing 15% of the applied EPN; 3- 
unsampled area of the central chamber containing 69% of applied EPN; P- 
attached pot with plant; L- attached pot with bait larva; C- attached control pot; 
PL- attached pot with plant+bait larva; PF- attached pot with plant+fertilizer; 
PFL- attached pot with plant+fertilizer+bait larva ........................................... 105 
Figure 47: Distribution of EPN that made a choice toward arms in the olfactometer A. 
P- attached pot with plant; L- attached pot with bait larva; C- attached control 
 pot; PL- attached pot with plant+bait larva; PF- attached pot with plant+fertilizer; 
PFL- attached pot with plant+fertilizer+bait larva. Bars show estimated means 
with standard errors. Different letters represent significant difference between 
the treatments (p<0.05). ................................................................................ 106 
Figure 48:  Olfactometer B: 1- application point, 2-center sampling area (diameter 
2.5cm from the application point) containing 18% of the applied EPN; 3- 
unsampled area of the central chamber containing 69% of applied EPN; P- 
attached pot with plant; L- attached pot with bait larva; C- attached control pot; 
Pinf+M.a.- attached pot with infected flowers with M. aeneus + M. aeneus in the 
pot; Pinf- attached pot with infected flowers with M. aeneus; M.a.- attached pot 
with M. aeneus larva ...................................................................................... 107 
Figure 49: Distribution of EPN that made a choice toward arms in the olfactometer B. 
P- attached pot with plant; L- attached pot with bait larva; C- attached control 
pot; PL- attached pot with plant+bait larva; PF- attached pot with plant+fertilizer; 
PFL- attached pot with plant+fertilizer+bait larva. Bars show estimated means 
with standard errors. Different letters represent significant difference between 
the treatments (p<0.05). ................................................................................ 108 
Figure 50: Pilot experiment- application of EPN on adults in flowers. Photo by the 
author............................................................................................................. 109 
Figure 51: Pilot experiment- application of EPN on adults in flowers - formation of the 
glue-like mass. Photo by the author ............................................................... 110 
Figure 52: Cumulative mortality of M. aeneus adults in flower treatment with S. feltiae 
or control flowers without S. feltiae measured after 10h (1), 24h (2), 48h (3), 
and 72h (4) after the application .................................................................... 110 
Figure 53: Cumulative mortality of M. aeneus pupae in flower treatment with S. 
feltiae or control flowers without S. feltiae measured after 12h (1), 24h (2), 48h 
(3), and 72h (4) after the application .............................................................. 111 
Figure 54: Cumulative mortality of M. aeneus larvae in sand treatment with S. feltiae 
or control without S. feltiae during the experimental time over 6 days. .......... 112 
Figure 55: Total mortality and mortality due to EPN on OSB in 2005 following CRS 
and surface application. A graph-with the plant cover, B graph- without the plant 
cover. Bars show estimated means with standard errors............................... 113 
Figure 56: Effect of surface and CRS application method on activity/incidence of 
antagonists. Final fitted model for K, with only the main effects in the model.  
Fitted model with data points and standard errors. Data (log transformed, log(0) 
set to log(0.5)). Points are jittered in order to be easier to see. ..................... 114 
Figure 57: Effect of surface and CRS application method on activity/incidence of 
antagonists. Final fitted model for kEPN, with only the main effects in the model.  
Data (log transformed, log(0) set to log(0.5)). Points are jittered to be easier to 
see. ................................................................................................................ 115 
Figure 58: Total mortality and mortality due to EPN on OSB in 2006 following CRS 
and surface application. Bars show estimated means with standard errors... 116 
Figure 59: Effect on surface and CRS application method on EPN persistence. Final 
fitted model for kEPN, main effects only in model. Data (log transformed, log(0) 
set to log(0.5)). Points are jittered to be easier to see.................................... 117 
Figure 60: Total mortality and mortality due to EPN on clover in 2005 following CRS 
and surface application. A graph-with the plant cover, B graph- without the plant 
cover. Bars show estimated means with standard errors............................... 118 
Figure 61: Effect of the surface application and control treatment on the activity of 
antagonists in the soil. Final fitted model for K, with only main effects. Lines: 
 fitted model, points: data (log transformed, log(0) set to log(0.5)). Points are 
jittered to be easier to see. ............................................................................. 119 
Figure 62: Total mortality and mortality due to EPN on wheat in 2006 following the 
surface application. ........................................................................................ 120 
Figure 63: Effect of the surface and control treatment on the activity of antagonists in 
the soil. Final fitted model for K, with only main effects. Lines: fitted model, 
points: data (log transformed, log(0) set to log(0.5)). Points are jittered to be 
easier to see. ................................................................................................. 121 
Figure 64: Total mortality and mortality due to EPN on OSB following surface 
application in 2006 in Germany. .................................................................... 122 
Figure 65: Effect of the surface treatment on the S. feltiae intensity and persistence. 
Final fitted model for kEPN with standard errors. ............................................. 123 
Figure 66: Estimated means for treatment effects in each month. Bars show 95% 
confidence intervals for each of the study crops, years, and locations. The 
estimates are centred on the effect of that treatment in the first month and show 
the change in relative mortality. ..................................................................... 124 
Figure 67: Estimated means for treatment effects in each month. Bars show 95% 
confidence intervals for each of the study crops, years and locations. The 
estimates are centred on the effect of that treatment in the first month, and 
show the change in relative mortlaity over time. ............................................ 125 
Figure 68: Estimated contrasts between OSB and red clover, and OSB and wheat. 
Bars shows 95% confidence intervals............................................................ 126 
Figure 69: Impact of pure and mixed infections by S. feltiae (S.f.) and I. fumosorosea 
(I.f.) on the ability of S. feltiae to produce progeny in the bait larvae ............. 127 
Figure 70: Impact of pure and mixed infections by S. feltiae (S.f.) and I. fumosorosea 
(I.f.) on the tissue softness of the bait larvae. ................................................ 128 
Figure 71: Proportion of dead bait larvae in the combined treatment (S. feltiae + I. 
fumosorosea) hosting a particular number of EPN, which was devided in four 
different levels (high, average, low, and very low). Bars show estimated means 
with standard errors. ...................................................................................... 129 
Figure 72: Distribution of the larval softness levels in the combined treatment (S. 
feltiae + I. fumosorosea). Bars show estimated means with standard errors. 
Different letters represent significant difference between the larval softness 
levels (p<0.05). .............................................................................................. 130 
Figure 73: Distribution of the larval softness levels in the I. fumosorosea treatment. 
Bars show estimated means with standard errors. Different letters represent 
significant difference between the larval softness levels (p<0.05). ................ 131 
Figure 74: Association between the EPN number levels and softness levels in the 
combined treatment (S. feltiae + I. fumosorosa). Treatments: F+N- fungus + 
nematodes; N- nematodes; F- fungus. Softness levels: 1- soft; 2- merely hard; 
3- hard; 4- very hard. Nematode number levels: 1- high; 2- average; 3- low; 4- 
very low; 5- no nematodes. ............................................................................ 132 
Figure 75: Proportion of dead adults, pupae and larvae where EPN were not found to 
penetrate, EPN only penetrated, and where EPN penetrated and recycled. . 133 
Figure 76: EPN ability to penetrate into different stages of M. aeneus. .................. 133 
Figure 77: Difference between the penetrated and non-penetrated individuals for 
each stage of M. aeneus. Bars show estimated means with standard errors. 134 
Figure 78: EPN ability to penetrate, and penetrate and recycle in different stages of 
M. aeneus ...................................................................................................... 135 
Figure 79: The difference between the number of individuals with progeny and 
 individuals hosting only penetrated EPN in different M. aeneus stages. Bars 
show estimated means with standard errors. Different letters represent 
significant difference (p<0.05). ....................................................................... 135 
Figure 80: Effect of different treatments on EPN progeny in the bait larvae. P+OF- 
plant in combination with organic fertilizer; P+SF- plant in combination with 
synthetic fertilizer; P- plant alone; OF- organic fertilizer alone; SF- synthetic 
fertilizer only; C- positive control (larvae + EPN). Bars show estimated means 
with standard errors. Different letters represent significant difference between 
the treatments (p<0.05). ................................................................................ 136 
 
LIST OF TABLES 
Table 1: Experimental treatments testing the effect of Brassica plant and fertilizers 
on EPN infection of M. aeneus larvae .............................................................. 55 
Table 2: Factors tested in Olfactometer A ................................................................ 55 
Table 3: Factors tested in Olfactometer B ................................................................ 56 
Table 4- Factors tested in field experiments examining S. feltiae and M. aeneus on 
turnip rape crops in Finland ............................................................................. 60 
Table 5: Field experiment design for clover and wheat in Finland, and OSB in 
Germany .......................................................................................................... 63 
Table 6: OR values of the number of dead bait larvae for each country in contrast to 
Germany .......................................................................................................... 68 
Table 7: OR values of the number of dead bait larvae killed by nematodes for each 
country in contrast to Germany ........................................................................ 69 
Table 8: OR for total mortality (K) for both systems in each year ............................. 74 
Table 9: OR values of mortality proportions between the STN and ICM system for 
county .............................................................................................................. 75 
Table 10: OR for kEPN in STN and ICM systems in every year ................................. 78 
Table 11: OR for kEPF for ICM and STN systems in every year ................................ 81 
Table 12- Modelled effect of the dose on M. aeneus abundance when S. feltiae was 
applied at delayed timing using soil surface method ........................................ 85 
Table 13: Density of EPN in the olfactometer A ..................................................... 105 
Table 14: Density of EPN in the olfactometer B ..................................................... 107 
Table 15- Significant differences between treatments in respect to EPN number level
 ....................................................................................................................... 127 
Table 16- Significant differences between treatments in respect to larval softness 
level ............................................................................................................... 128 
 
 ABSTRACT 
Biological control techniques attract increasing attention as one of the sustainable 
alternatives to pesticide use in integrated pest management programs. In order to 
develop sustainable pest management methods for arable crops based on 
entomopathogenic nematodes (EPN), their efficacy and persistence needed to be 
investigated, and an economically feasible delivery system had to be developed. In 
this study, first a survey of entomopathogens was conducted, and a system 
approach was tested, using the oilseed Brassica (OSB) growing system (OSB, 
spring wheat, and red clover) as a model. The system approach aimed at 
determining the potential of Steinernema feltiae (Filipjev)  for  the  control  of  OSB  
pests, developing OSB rotation schemes that support EPN persistence, and 
investigating the impact of the selected biotic and abiotic factors on efficacy and 
persistence of EPN. 
 
This study employed abductive logic (which employs constant interplay between the 
theory and empirical observation), quantitative methods, and a case study on OSB. 
Laboratory and field experiments were carried out, and two types of pathogen 
surveys. A horizontal survey included OSB fields across Estonia, Germany, Poland, 
Sweden and the UK, while a vertical survey included sampling from two sets of 
differently managed experimental fields during three years. A new approach was 
introduced for measuring occurrence, where the prevalence and relative intensity of 
entomopathogens, biotic agents, and unidentified insect antagonists were 
determined.  
The effect of dose, timing, and the application method on S. feltiae in the control of 
pests in OSB, and the potential of a controlled release delivery system (CRS) were 
evaluated in the field. Studies on the impact of selected biotic and abiotc factors 
(Brassica plant, bait insects, developmental stages of Meligethes aeneus Fab., Isaria 
fumosorosea Wize (Ifr), and organic and synthetic fertilizers) on the efficacy of S. 
feltiae were conducted in the laboratory  
Persistence of S. feltiae in the OSB growing system, and the effect of dose, timing, 
and the application method, was assessed in the field as part of the efficacy 
experiments. The impact of selected biotic and abiotic factors on S. feltiae 
persistence was assessed in laboratory experiments. 
 
The pathogen survey showed that the occurrence of entomopathogens is low in the 
OSB growing system, and that a management system causing less disturbance 
(ICM) to the soil increases the relative intensity of insect parasitic nematodes and 
other insect antagonists. A longer study period is required to show any possible 
impact of ICM on the relative intensity of entomopathogenic fungi, or on the 
prevalence of entomopathogens. Two different measures of the occurrence yielded 
different results: the relative intensity revealed the difference between the two 
different crop management methods, while prevalence did not. 
The highest efficacy of S. feltiae was achieved by using a low dose and targeting all 
stages of M. aeneus. When only the larval stage was targeted, the application 
method and dose had no significant effect. The CRS decreased the pest abundance 
significantly more than the surface application method.  
S. feltiae persisted in the OSB fields in Finland for several months, but did not 
 survive the winter. The strain survived for 7 months when it was applied in autumn in 
Germany, but its populations declined rapidly after winter. The examined biotic and 
abiotic factors had variable impacts on S. feltiae efficacy and persistence. 
 
The two measures, prevalence and relative intensity of entomopathogens, gave 
valuable information for their use in biocontrol programs. The recommended 
biocontrol strategy for OSB growing in Finland is inundation and seasonal inoculation 
of EPN. The impact of some biotic and abiotic factors on S. feltiae efficacy and 
persistence is significant, and can be used to improve the efficacy of EPN. The CRS 
is a novel alternative for EPN application, and should also be considered for use on 
other crops. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Keywords: Biological control, inundation, inoculation, conservation, formulation, 
controlled release method, crop rotation, entomopathogenic nematodes, 
Steinernema feltiae, oilseed rape pests, Meligethes aeneus, Phyllotreta spp., 
occurrence, prevalence, intensity, efficacy, persistence, field, Isaria fumosorosea, 
biotic factors, abiotic factors, interaction, impact, insect stages, integrated crop 
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1 INTRODUCTION 
Biological control techniques attract increasing attention as one of the 
environmentally accepted and sustainable alternatives to chemical pesticide use in 
integrated pest management programs.  This chapter introduces the main terms and 
topics of this work, the research aims, as well as the epistemological approach 
(ontological and methodological) behind this study. 
1.1 Biological control 
Biological control or biocontrol (BC) is ‘The use of living organisms to suppress the 
population density or impact of a specific pest organism, making it less abundant or 
less damaging than it would otherwise be’ (Eilenberg at al., 2001). Those living 
organisms are usually natural enemies of a pest organism and include predators, 
parasitoids, and pathogens. Although a natural enemy is used in BC, it is a human-
based activity and differs from natural control of pests with a natural enemy. 
Sometimes, the use of plant-derived compounds, introduced genes (e.g. Bt maize), 
and growth regulators are also considered as a part of biological control. 
Different approaches exist to pest management and/or biological control. Some 
researchers consider both living organisms and their products or other compounds 
as biological control agents (e.g. Wilson 1997), while others consider only living 
organisms (predators, parasitoids or pathogens) as biological control agents (e.g. 
Jansson, 1992; Eilenberg at al., 2001). The word “parabiological” control agent was 
first used by Sailer (1976, as cited in Hokkanen 1985) to refer to all introduced genes 
and plant-derived compounds that are used in insect pest management except living 
organisms. In the present work, the term biological control agent implies only living 
organisms. 
BC is an essential part in integrated pest management (IPM) systems, since it is one 
of the rare alternatives to the use of chemical pesticides (Hokkanen and Lynch, 
1995). IPM is a complex approach to pest management incorporating human, 
environmental and economical aspects into a sustainable pest management 
program. An IPM system combines different disciplines, resources and management 
strategies in a multilateral integrated system (Cuperus et al. 2000). Thus, pest 
control is achieved by combining biological, cultural, physical and chemical tools, 
while the decision on the use of a method or methods is based on minimising the 
health, environment and economic risks. Sometimes, BC may be the only alternative 
for use in IPM, for example when an insect develops resistance to insecticides, as it 
is the case with Meligethes aeneus Fab. resistance to pyrethroids (Ballanger et al., 
2003; Hansen, 2003; Wegorek and Zamojska, 2006;).  
In BC, four different strategies are used. The strategies are divided according to the 
principle of using the biocontrol agents (BCA). According to Eilenberg et al. (2001), 
the four strategies of using BC are: i) Classical, ii) Inoculation, iii) Inundation and iv) 
Conservational. In the Classical strategy, a biocontrol agent is intentionally 
introduced for permanent establishment and long-term pest control. The inoculation 
strategy is the intentional release of living organisms that will multiply and control a 
pest for some period but will not establish a permanent population in the target 
ecosystem. The use of a living organism to control pests where the success is 
limited only to the released population, but not their progeny, is called Inundative 
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biological control. Conservational biological control considers modification of the 
environment or management practices to protect and support a natural enemy or 
other organisms in order to reduce the pest population and its effect. However, in 
practice, two or more BC strategies often overlap, for example, when 
entomopathogenic nematodes (EPN) are applied inoculatively and conservation 
strategies are employed to support the subsequent generations of EPN and prolong 
their survival, and thus to provide long-term pest management.  
EPN as BC agents, even when applied and/or introduced to a system as non-
indiginous species, have been found to be safe to use due to their low dispersal and 
sensitivity to many biotic and abiotic factors, which largely limit their survival and 
dispersal (Ehlers and Hokkanen, 1996; Smits, 1996) 
1.2 Oilseed rape 
Oilseed Brassica (OSB) is grown all over the world. In Europe, mostly winter OSB 
Brassica napus L. var. oleifera (Brassicaceae) is grown, while in northern Europe 
(Finland, Sweden and Estonia) and part of Canada spring turnip rape, B. rapa L. var. 
oleifera, is grown. The world production of OSB in 2007 was approximately 47 Mt 
(FAO, 2009), while in EU it was 18.1Mt (FEDIOL statistics, 2009). In Finland 114 000 
t (FEDIOL statistics, 2009) was produced in 2007. OSB is produced as edible oil, 
animal feed and for industrial purposes. The industrial products include lubricants, 
hydraulic oils, plant oil based de-inking compounds for recycling paper, bio-fixers for 
plant protection chemicals, as well as wood protectants and anti-rust oils (IENICA 
report: Finland, 2000). The by-product after the oil has been extracted is a high-
protein animal feed.  Rapeseed oil has also become the primary feedstock for 
biodiesel in Europe (over 4.0 million tons of rapeseed oil was produced for biodiesel 
in 2006). The increase in rapeseed production is clearly due to the high demand in 
recent years, because of the biodiesel production (Eurostat, 2009). 
OSB is always grown as part of a farm rotation and usually returns to the same field 
every third year or less frequently. Mainly the break crops in rotation with OSB are 
cereals (e.g. Rathe et al., 2005), and in some cases sugar beet, grass ley, pea and 
bean (e.g. Nielsen and Jensen, 1990). One year set-aside is also common practice 
preceding OSB (Alford, 2003). In Finland, OSB is usually sown in the last week of 
May, flowering occurs in one month, and harvesting is in September-October 
(Hokkanen, personal communication). 
Oilseed Brassica plants produce glucosinolates, which can directly or indirectly act 
as antifungal agents, toxins for some insect herbivores, or as antifeedants. Recent 
studies show that those compounds and/or their fractions could act as attractant for 
M. aeneus to oviposit, or to serve as a signal for food resource (Cook et al., 2007). 
Oilseed Brassicas are attacked by a wide range of insect pests, some of which 
appear, and usually cause significant damage in almost every OSB crop (Alford, 
2003; Menzler-Hokkanen et al., 2006). The most common pests are: Dasineura 
brassicae (Winn.), Psylliodes chrysocephala L., Meligethes aeneus Fab., 
Ceutorhynchus assimilis (Payk.), Ceutorhynchus pallidactylus (Marsh.) and 
Ceutorhynchus napi (Gyll). In Finland, the most important pest is M. aeneus, and in 
some years also Phyllotreta spp. cause heavy damage . Because pesticide sprays in 
OSB are always required, some insects have developed resistance to some of these 
insecticides (Hansen, 2003).  
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1.3 Insect pests 
Meligethes aeneus (the pollen beetle), from the order Coleoptera, family Nitidulidae, 
is the major damage-causing insects in OSB growing Europe-wide, and chemical 
treatments are required every year (Menzler-Hokkanen et al., 2006). Economic 
losses are due to the destruction of buds and flowers by adults and larvae. The 
imago overwinters underground in surrounding woods, edges of the fields, or some 
other sheltered places (Nilsson 1988). It starts to emerge from the hibernating places 
when the temperature of the soil rises to 8°C and the air temperature to 12°C, while 
more intensive flying starts only when the temperature reaches 15°C (Ekbom and 
Borg, 1996; Maceljski, 1999). They feed on the pollen of many early flowering plants 
until they move to the OSB fields when the buds are at least 3mm in size (Alford et 
al., 2003). The adults feed on buds and pollen, and lay eggs in buds. The larvae 
develop inside the buds and feed on pollen. The pest has one generation annually. It 
is harder for spring OSB plants to recover from beetle attack than for winter OSB 
plants, because the buds of spring OSB are attacked at an early stage of bud 
formation (Nilsson, 1988). In spring OSB in Finland, this is the only major pest that 
causes severe damage and lowers the yield. The development time depends mainly 
on the temperature. In Finland, pollen beetles colonise the crop usually during the 
second week of June. The egg time, until hatching, is 4 to 9 days. The duration of 
larval development is 27 to 30 days. Larvae drop to the soil between mid July and 
the end of August. The pupation depth in the soil is 2 to 3 cm, and the pupal 
development duration is 14 to 18 days. New generation adults emerge from the end 
of July until mid or end of August (Alford et al., 2003; Husberg, personal 
communication). 
Phyllotreta spp. (Flea beetle) belong to the order Coleoptera, family Chrysomelidae. 
The life cycle and the number of generations per year depend on the temperature 
and the species, but generally there is only one generation per year, while for some 
species two or three. Flea beetles overwinter in the adult stage underground, or in 
other protected sites. They become active during warm and dry days in spring, and 
feed on weeds until crop plants become available. More active flying starts when the 
temperature reaches 15°C. The adults feed for several weeks. They lay eggs in soil, 
around the base of the plants or directly on plants. The larvae hatch from the eggs in 
one to two weeks and feed on plants and roots until fully grown, which takes about a 
month. Then they pupate in the soil for 11 to 13 days before emerging as adults in 
early August. The pest causes damage in the beginning of summer by chewing small 
holes in leaves. The highest damage is caused to cotyledons, and the plant can be 
completely destroyed. When the plant has 4-6 leaves, it is more capable of surviving 
an attack. In Finland, flea beetles colonise the field one week after sowing, around 
the beginning of June, damaging the seedlings, but later they seldom cause 
damage. (Alford et al., 2003; Husberg, personal communication) 
1.4 Entomopathogenic nematodes   
Entomopathogenic nematodes (EPN), small parasitic roundworms from the phylum 
Nematoda, order Rhabditida, are specialized to feed on insects. The first 
entomopathogenic nematode was described by Steiner in 1923 and named 
Aplectana kraussei. Travassos (1927) renamed the genus with the name 
Steinernema. In 1929, Steiner described Neoaplectana glaseri, and Glaser and Fox 
(1930) found that  it infected Japanese beetle, Popillia japonica (Newman). After that 
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time, many more species have been identified, and have been used in field 
experiments, starting with experiments to control Popillia japonica.  
EPN belong to two families, members of which are also commercially produced and 
used in biological control: Steinernematidae (Travassos, 1927), genus Steinernema, 
and Heterorhabditidae (Poinar, 1976), the genus Heterorabditis. In 1994, Nguyen 
and Smart described a new genus Neosteinernema and added this genus to the 
Steinernematidae family. 
Both families have four juvenile stages between the egg and the adult. The only free-
living stage, the fourth juvenile, often called infective juvenile (IJ) or dauer juvenile, 
lives in the soil, and all other stages live in the body of an insect host. The infective 
juvenile from the genus Steinernema is associated with symbiotic bacteria from the 
genus Xenorhabdus (Thomas and Poinar, 1979), while the genus Heterorhabditis is 
associated with the bioluminescent genus Photorhabdus (Boemare et al., 1993). The 
bacteria from both genera are gram-negative and belong to family 
Enterobacteriaceae (Forsti and Clarke, 2002). The bacteria are situated in the 
anterior part of the IJ intestine, and their number can vary between 0 to 2000 cells 
(Spiridonov et al., 1991). The bacteria are highly virulent and cause rapid death of an 
insect (Boemare et al., 1996; Boemare, 2002). Once the bacteria are released from 
IJ into the haemocoel of an insect, they cause septicaemia, and in that way are 
capable of killing a pest within 48 h (Kaya and Gaugler, 1993). The free-living IJ is 
mobile in the soil and is able to survive for a relatively long period without food 
supply. The IJ searches or waits in the soil for a susceptible host, then penetrates 
through some of the natural openings or, in some Heterorhabditis species, through 
the cuticle using a tooth (Bedding and Molyneux, 1982). Upon the penetration of the 
IJ into a host, the symbiotic bacteria are released from the IJ. Bacteria start to 
multiply in the heamocoel of the host and cause its death. Nematodes feed on 
bacteria and host tissue and reproduce, depending on nutrition source and 
environmental conditions, for one to three generations.  
The life cycle of the two families differs slightly. Steinernema IJ develop to adult 
males and females in the first generation, whereas Hetherorhabdits IJ may develop 
either into amphimictic adults or into automictic hermaphrodites. The development 
period from IJ penetration to the development of adults lasts around 3 days, and 
then first IJ emergence in around 7-10 days. The length of the developmental time 
depends mostly on the temperature and the species (Grewal et al., 1994, as in 
Gaugler, 2002). 
EPN occur naturally under diverse ecological conditions (Hominick et al., 2002). 
‘EPN are beneficial organisms for commercial development, which have been used 
for many years without causing any known problem’ and ‘are more specific and are 
less of threat to the environment than chemical pesticides’ (Ehlers and Hokkanen, 
1996). When applied under the right conditions, the nematodes are as effective as 
chemical insecticides (Georgis and Gaugler, 1991). Nematodes are available 
commercially for large-scale application in many crops, and can be applied using 
conventional equipment designed for delivering pesticides, fertilizers, or irrigation 
(Kaya and Gaugler, 1993). 
Nematodes are very sensitive to UV light, low relative humidity, and temperature. 
Thus, they are the most successful in their relatively protected, natural environment, 
soil (Fuxa and Tanada 1987).  However, abiotic and biotic factors in the soil can also 
limit their efficacy.  
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EPN have characteristics of a highly desirable BC agent, because they are effective 
against a wide range of insect pests, can be commercially produced, are easily 
applied with common farm equipment, are compatible with a wide range of 
pesticides, and are environmentally safe (Kaya and Gaugler, 1993).  
As control agents, several groups of insect parasitic nematodes are known such as 
genus Rhabditis and Diplogaster (Poinar, 1972, Nguyen, personal communication) 
1.5 Purpose of the study and research questions 
The overall goal of this study was to develop a conceptual framework for the use of 
EPN in biological control for IPM programs on arable crops. The study aimed at 
determining the main factors responsible for the efficacy and persistence of EPN, 
and developing an economically justifiable delivery system for large-scale EPN 
application. Because of the complexity of interactions between a living organism and 
its environment, a system approach was used. Factors that were suspected, during 
the study, to be of significant importance for the EPN efficacy and/or persistence 
were examined. Such an approach went beyond the boundaries adopted by the 
operational framework of the study, but it remained within the framework given by 
the overall goal.  
The research aims were: 
§ To evaluate the role of entomopathogens in the natural suppression of pests 
in the oilseed Brassica growing system; 
§ To determine the potential of EPN for the control of oilseed Brassica pests, 
and pests of the crops in rotation; 
§ To assess the persistence of EPN in the different OSB rotation schemes; 
§ To develop sustainable pest management methods for arable crops based on 
EPN. 
The main research questions were: 
§ What are the main factors in an OSB growing system that affect EPN efficacy 
and recycling? 
§ Does an alternative rotation scheme support or improve the persistence of 
EPN for the control of OSB pests? 
§ What would be a practical and economically feasible delivery method for 
inundative and inoculative application of S. feltiae, as an alternative to water 
suspension-based application method for the large-scale outdoor application 
of EPN? 
1.6 Research approach 
Our approach to the knowledge, our epistemology, determines the research methods 
and the construction of the research. This study is based on a realistic onthology 
that, for the understanding of “who the world function”, employs analytical and 
empirical studies. Employing the abductive logic, which considers constant interplay 
between the data and the theory, the final theoretical framework was developed. 
Additionaly, the sections of this monograph are ordered on this way to provide a 
“logical” order that makes the study clear. However, the sections were not emerging 
simultaneously because their order depended on the back and forth movement 
between the data and the theory. 
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2 THEORETICAL FRAMEWORK 
2.1 Occurence of entomopathogenic nematodes and fungi in OSB 
growing system 
Entomopathogenic nematodes (EPN) and fungi (EPFs) naturally occur in soils 
throughout the world (Poinar, 1990). EPN have been shown to occur in all continents 
and countries where a survey has been conducted, except in Antarctica (Griffin, 
1990). Studies have been published concerning EPN distribution in Africa 
(Shamseldean and Abd-Elgawad, 1994; Waturu, 1998), North America (Akhurst and 
Brooks, 1984; Shapiro et al., 2003; Mrácek and Webster, 1993; Stock et al., 1999), 
South America (Roman and Beavers, 1982; Stock, 1995), Australia (Akhurst and 
Bedding, 1986; Barker, 1998), Asia (Glazer et al., 1991; Amarasinghe et al., 1994; 
Yoshida et al., 1998; Iraki et al., 2000), and Europe. Europe is the most extensively 
studied continent for EPN occurrence. Some of the published surveys present 
results from Austria (Hozzank et al., 2003), Belgium (Midituri et al., 1997), Britain 
(Hominick and Briscoe, 1990), Bulgaria (Shishiniova et al., 1998, 2000), Czech 
Republic (Mracek 1980, 2005; Mracek et al.,1999), Denmark (Nielsen and Philipsen, 
2003, 2004), Finland (Vänninen et al., 1989), Germany (Sturhan and Ruess, 1999; 
Ehlers et al., 1991), Greece (Menti et al., 1997), Hungary (Mracek and Jenser, 1988; 
Hozzank et al., 2003), Ireland (Griffin et al., 1991; Downes and Griffin, 1991), Italy 
(Ehlers and Deseö, 1991; Tarasco and Triggiani, 1997; Triggiani and Tarasco, 
2000), Netherlands (Hominick et al., 1995), Norway (Haukeland, 1993), Poland 
(Bednarek, 1998; Jaworska and Dudek, 1992), Russia (Ivanova et al., 2000), Serbia 
(Talosi at al., 1993), Slovakia (Sturhan and Liskova, 1999), Slovenia (Laznik et al., 
2009), Spain (Nogueroles et al. 1992; Garcia del Pino and Palomo, 1996, 1997; 
Campos-Herrera et al., 2007), Sweden (Burman et al., 1986), Switzerland (Steiner, 
1994), Turkey (Hazir et al., 2003; Susurluk et al., 2001) and United Kingdom (Boag 
et al., 1992; Hominick et al 1995; Gwynn and Richardson, 1996). 
Surveys of pathogens may be conducted either for the sake of basic scientific 
knowledge, or for applied scientific knowledge. Basic scientific knowledge involves 
biogeography, while applied scientific knowledge involves the use of 
entomopathogens in biological control programs. For biological control programs, it 
is essential to determine the relation between the occurrence of entomopathogens, 
and the factors and conditions that affect their role as insect antagonists (Kaya and 
Koppenhöfer, 1996). In countries where the use of non-indigenous organisms is 
forbidden, a record of EPN is the first step in their use as biocontrol agents. Many 
studies and surveys have also investigated the information concerning the 
associations of EPN with habitat, site, soil texture, climatic conditions and 
seasonality. Such knowledge allows more efficient targeting of species and strains 
for use in biological control programs. 
Entomopathogens are usually isolated by using one of the two main methods: baiting 
technique with Galleria mellonella larvae (Bedding and Akhurst , 1975; Zimmermann, 
1986) and direct extraction e.g., flotation, sieving, centrifugation-flotation, Baermann 
funnels (Byrd et al., 1976; Southey, 1986; Hooper et. al., 1993). The baiting 
technique is preferred and most often used, because it is less time consuming and 
less laborious, and it does not require advanced taxonomic expertise. However, the 
technique does not guarantee the extraction of all EPN in a sample (Sturhan and 
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Mracek, 2000) because not all nematodes can infect a bait insect (Shapiro and 
Gaugler, 2002), or are not infective at a certain time. The extraction rate can be 
improved by repeating the baiting of a soil sample. In some cases, EPN fail to infect 
a bait larva in the first baiting series, but succeed in the second baiting series 
(Hominick and Briscoe, 1990). Another method to improve the EPN extraction rate is 
by conducting the method at two or more different temperatures. Mracek et al. 
(2005) showed that when baiting was conducted at 15°C, 7% could not be detected, 
while when it was conducted at 20°C, 23% of isolates could not be detected. 
Detection could be improved by increasing the number of samples in certain 
sampling units, because EPN exhibit a patchy distribution (Hominick, 2002). 
Nematode density is measured by counting the EPN obtained by direct extraction or 
by recording the number of dead bait insects when using the baiting method. The 
number of dead bait larvae has a consistent linear relationship with the number of 
nematodes penetrated in the bait insects, and can be used to estimate nematode 
density in the soil. The number of nematodes penetrated into bait insects (y) is 
calculated using the following formula: 
y = 10(-0.25+2.08 log x) 
where x value represents the total number of nematode infected cadavers 
(Koppenhöfer, 1998). However, the formula is reliable and accurate only when the 
number of dead bait larvae is between 10 and 20. Choice of a bait insect species is 
an additional factor that could limit EPN extraction. Not all EPN species can infect 
the most commonly used bait insect, G. mellonella and T. molitor (as in Shapiro and 
Gaugler, 2002), so some insect species are more suitable then others for certain 
EPN species. Direct extraction methods are considered to be more suitable for 
geographical studies, since more individuals and species can be recovered (Ehlers 
and Peters, 1995). 
Different terms are used to refer to EPN occurrence in a habitat, site or geographical 
location. EPN occurrence is in most cases recorded as the percentage of positive 
soil samples (the number of samples in which EPN were found out of a total number 
of soil samples investigated). The term “abundance” refers to the number of positive 
samples, either in sites or out of the total number of samples collected from all sites. 
“Recovery frequency” and “frequency” refer to the number of positive soil samples 
out of the total number of samples collected. Prevalence according to Hominick 
(2002) is a term that implies the number of positive soil samples. In this monograph, 
the term “prevalence” will be used to refer to the number of positive samples either in 
sites, in habitats or out of the total number of samples collected. Intensity of EPN, 
according to Hominick (2002), is the number of nematodes that are recovered from a 
sample. Another term for the same measure found in the literature is density (e.g. 
Mracek and Bacvar, 2000). In this book, the number of EPN will be termed as 
relative intensity. 
Steinernematids occur in most terrestrial ecosystems and habitats, including 
agricultural fields (Akhurst and Brooks, 1984; Garcia del Pino and Palomo, 1996; 
Emelianoff et al., 2008; Khatri-Chhetri et al., 2010), orchards (Mracek, 1999; Kary et 
al., 2009), woodland (Amarasinghe et al. 1994; Mracek, 1999; Stock et al., 2008), 
river banks, beaches, and meadows (Emelianoff et al., 2008). However, results 
presenting their possible association with different habitat are contradictory. Some 
studies show significant preferences of EPN to certain habitats (Emelianoff et al., 
2008) and ecosystem (Campos-Herrera et al., 2008). Amarasinghe et al. (1994) and 
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Stock et al. (2008) showed prevalence of EPN in natural habitats, while Mracek and 
Webster (1993) and Shahina et al. (1998) found EPN more often in ecosystems 
where human activity is present, which indicates a possible association with insect 
pests. In some studies, habitat affected EPN prevalence either not at all (Khatri-
Chhetri et al., 2010) or only slightly (Akhurst and Bedding, 1986; Griffin et al., 1991; 
Garcia del Pino and Palomo, 1996). Hominick and Briscoe (1990) pointed out that 
the effect of habitat on EPN prevalence is not as high as the effect of geographical 
location. A high prevalence (36%-54% of the total number of soil samples) of EPN 
has been reported from Germany (Sturhan, 1997), the Czech Republic (Mracek et 
al., 1998), the UK (Hominick and Briscoe, 1990), the Netherlands (Hominick et al., 
1995) and Slovakia (Sturhan and Liskova, 1999), with the highest prevalence found 
in woodland in all of these continents, except in the UK. Low EPN prevalence on this 
basis has been reported from Greece (Menti et al., 1997), Turkey (Kepenekci, 2002; 
Hazir, 2003), and Italy (Ehlers et al., 1991, Tarasco and Triggiani, 1997). The 
prevalence of EPN with respect to sites was relatively high (23-37%) in the Czech 
Republic (Mracek, 1980), Finland (Vänninen et al., 1989), Britain (Hominick et al., 
1995), Catalonia (Garcia del Pino and Palomo, 1996), and Sweden (Burman et al., 
1986), in contrast to low prevalence reported from, for example, Spain (Campos-
Herrera 2007) and UK (Gwynn and Richardson, 1996). Differences in prevalence 
results could partly be explained by geographical location, the type of the extraction 
method used, the type of survey, and the baiting procedure. Some methods, like 
direct extraction, ensure the isolation of EPN that the bait method does not cover 
(Sturhan and Mracek, 2000). When a survey has targeted sites or habitats where 
EPN are more prevalent, the results would be higher than for that geographical 
location as a whole. The baiting procedure could be modified by repeating it two or 
more times, by conducting the assay at two or more different temperatures, or with 
several bait species.  
The distribution of EPN within habitats is considered to be patchy (Boag et al., 1992; 
Cabanillas and Raulston, 1994; Stuart and Gaugler, 1994; Spiridonov and Voronov, 
1995; Bohan 2000; Campos-Herrera et al., 2007) rather than random (Hominick and 
Briscoe, 1990; Mracek, 1999). A patchy distribution shows more EPN in one area, 
and a fewer EPN in another area of the same sampling unit.  
EPN are reported to occur in all types of soil, such as loam, sand, sandy loam, and 
clay. There is evidence that some EPN favour certain soil types (Kung et al. 1991; 
Barbercheck and Kaya 1991; Liu and Berry, 1995; Kary, 2009), and other evidence 
that they do not (Sturhan, 1999; Shapiro-ilan, 2003; Campos-Herrera, 2007;  Khatri-
Chhetri, 2010). Usually EPN prevalence is higher in lighter soils, such as loam and 
sand, and is low or nil in heavy soils such as clay. Hominick and Briscoe (1990) and 
Campos-Herrera (2007) reported more aspects of soil structure and found also that 
soils with significant clay content were suitable for EPN. Similarly, Garcia del Pino 
(1996) found EPN to be associated with soils with udic moisture regimes (soils that 
have evenly distributed rainfall through the year, or enough rain in summer to be in 
balance with evaporation), and cryic temperature regimes (soil mean annual 
temperature usually lower than 8°C, but frost never occurs). 
EPN occurrence is affected by climate, mostly by moisture and temperature, since 
suitable moisture and temperature are essential for their living, infectivity, and 
reproduction. Garcia del Pino (1996) reported that soil moisture and temperature 
regimes are an important factor for EPN prevalence. Campos-Herrera (2007) found 
no connection between the EPN abundance and rainfall and annual temperature, but 
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observed an association between EPN recovery frequency and both rainfall and 
annual temperature. Additionally, he reported that annual median temperature and 
rainfall had little association with the EPN presence. Steinernematids are considered 
to be better adapted to lower temperatures and are widely present in cool and 
temperate climates, while Heterorhabditids are better adapted to higher 
temperatures. Recently, some studies have shown nematodes from the family 
Steinernema to predominate in regions with higher temperatures, such as Catalonia 
(Garcia del Pino and Palomo, 1996), Tenerife (Nogueroles et al., 1992), and Sri 
Lanka (Amarasinghe et al. 1994). 
Values of pH between 4 and 8 seem to be suitable for EPN survival (Koppenhofer, 
2000). Soil pH does not usually affect EPN occurrence (Vänninen et al., 1989; 
Jaworska and Dudek, 1992; Campos-Herrera et al., 2007; Khatri-Chhetri, 2010), 
although some studies have shown the importance of pH value for the natural 
occurrence of EPN (Constant et al., 1998; Stock et al., 1999). 
Some research has demonstrated seasonality in the EPN occurrence, which could 
be connected either to insect outbreaks or climatic conditions. Naturally occurring 
EPN were found at greater frequencies (67%) in habitats with high or moderate 
insect abundance (e.g. tree habitats), than in habitats with few insects (15%) 
(Mracek et al., 1999; Mracek 2005). Other authors (Akhurst and Bedding, 1986; 
Blackshaw, 1988; Hominick and Briscoe, 1990; Mracek and Webster, 1993) have 
also connected EPN prevalence with insect abundance. Seasonality in EPN 
occurrence due to climatic conditions was confirmed by Garcia del Pino and Palomo 
(1997), Puza and Mracek (2005), and Kary et al. (2009), although some studies have 
shown no seasonality in EPN occurrence or prevalence (Hominick and Briscoe, 
1990; Mracek, 2005), nor a significant association between sampling time 
(spring/autumn) and nematode prevalence (Garcia del Pino and Palomo, 1996).  
The tolerance and response of naturally occurring EPN to disturbances such as 
different agricultural practices are less well studied and defined than for other soil 
beneficial organisms such as parasitoids and predators, the populations of which 
increase with decreasing management intensity (Lynch, 1984). In agricultural 
systems, tilling disturbs the soil habitat by affecting biotic and abiotic factors such as 
lowering microbial (Lupwayi et al. 1998), arthropod (House and Alzugaray,1989), 
and nematode (Brust, 1991) species diversity. Ploughing could also have an impact 
on EPN occurrence, since in the ploughing process the soil is turned and organic 
compounds and structures are removed from the surface (e.g. Brust, 1991). When 
soil is turned, EPN could be brought to the soil surface where they are exposed to 
different abiotic stressors such as high temperature and UV light. Thus, reduced 
tillage and direct drilling cause less disturbance since they do not include turning of 
the soil. Additionally, no-till plots contain more organic matter, higher soil moisture 
and soil water potential, while soil temperature is more stable with lower maximum 
soil temperature. In some cases, a field without tillage has been shown to conserve 
EPN population better when compared with conventional tillage treatments (Brust, 
1991), but Millar and Barbercheck (2002) found species that favoured zero tillage 
and other species that favoured tilled fields.  
Reported prevalence and/or intensity of EPN have been low in agricultural fields 
(Mracek et al., 1999) where EPN occurrence is even less than that of EPF (e.g. 
Vänninen et al., 1989). Some authors have also reported that the prevalence of EPN 
in agricultural fields is higher when hosts are present in high numbers (e.g. Mracek, 
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2005; Mwaniki et al., 2008). On the other hand, the reported low prevalence in 
cultivated fields could be due to different agricultural practices, crop management, 
and other kinds of human activities that disturb EPN infectivity, recycling and 
persistence.  
One species that is common throughout the world and has a wide distribution in 
temperate regions is Steinernema feltiae (Hominick, 2002). It has been isolated from 
different habitats such as cultivated fields, grassland, woodlands, verge habitats, and 
natural areas (Hominick, 1995; Garcia del Pino, 1996; Mracek et al., 1999; 
Sturhan,1999; Campos-Herrera et al., 2008), different pest associations (Peters, 
1996), and different soil types (Sturhan, 1999). S. feltiae and S. affine are prevailing 
species in cultivated fields (Mracek et al., 2005). S. feltiae is  one  of  the  most  
prevalent and dominant species of EPN in Europe and the most prevalent in 
northern Europe. In northern Europe, it has been isolated from agricultural fields in 
Denmark (Nielsen and Philipsen, 2004), Estonia (Spiridonov and Voronov, 1995), 
Finland (Vänninen et al., 1989), Germany (Ehlers et al., 1991), Ireland (Griffin et al., 
1991), Poland (Bednarek, 1998, Jaworska and Dudek, 1992), and UK (Boag et al., 
1992; Hominick et al., 1995). This nematode has a wide host range (Peters, 1996). 
Sturhan (1999) showed by using the direct extraction method for EPN that only S. 
feltiae had no biotope preference, and it is the only species isolated in all seasons 
(Campos-Herrera et al., 2008). Those characteristics probably make it the most 
common and adapted species in croplands, including orchards ( Garcia del Pino and 
Palomo, 1996; Kary et al., 2009), annual and perennial crops, and cereal crops 
(Campos-Herrera et al., 2007; Kary et al., 2009). Mracek et al. (2005) reported S. 
feltiae as the most frequent species that was more likely to be isolated from orchards 
and perennials in lowlands and hilly countryside.  
In all the reviewed literature, EPN were never found in potato fields. Mracek (1999) 
also reported the absence of EPN from birch and maple habitats. For EPN 
occurrence in some other crops, the results are contradictory. Mracek (1999) 
reported the absence of EPN from oilseed rape, faba bean, and pea. Campos-
Herrera et al. (2007) reported their absence from scrub vegetation from annual and 
perennial crop edges; Kary et al. (2009) reported their absence from sunflower, 
fallow, poplar, and cotton; Mracek (1980) and Miduturi (1996) reported their absence 
from meadows; Chandler (1997) reported their absence from barley; and Emelianoff 
et al. (2008) reported their absence from oak forests. Absence of EPN is, however, 
difficult to show. 
Survey types, EPN and EPF in this study: 
Entomopathogenic nematodes of the families Heterorhabditidae and 
Steinernematidae, and entomopathogenic fungi are widely distributed, and are 
effective against the key OSB pests (Hokkanen et al., 2003).  
In this study, soil samples were collected from agricultural fields where OSB was 
cultivated, in most cases in three year rotation with cereals, while in one case (in 
Sweden) with sugar beet. In Göttingen, Germany, one monoculture field was 
surveyed as well.  
Two types of survey were employed. In the first, OSB fields were surveyed across 
each partner country, while in the second, the same OSB experimental fields in each 
country were surveyed repeatedly between 2003-2005. Because the first survey was 
conducted over the space, we use the term horizontal survey. Horizontal survey 
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covers a particular habitat/cropping system over space (continents, counties, 
regions, areas). In our study, the survey of OSB fields was spatially distributed over 
Europe. The second survey type was conducted in specific experimental fields in 
each country, where the fields were resampled every year, for three years. Due to 
intensive, consecutive survey of the same fields, we introduce a term vertical survey. 
Vertical survey thus implies repetitive survey of a habitat/cropping system over a 
certain period. Similarly, in ecology, commonly used terms for studies of animal 
populations are extensive and intensive study (Southwood and Henderson, 2000). 
The survey-part of this study consisted, thus, of the horizontal and vertical surveys. 
Horizontal survey was conducted in 2001 in OSB fields across the countries 
(Estonia, Germany, Poland, Sweden, and the UK). Vertical survey was conducted 
from 2003-2005 in the OSB experimental fields, where two different management 
systems were employed: standard European farming system including ploughing, 
tillage, pesticide use (STN), and reduced tillage with no ploughing, and treatment 
with insecticides according to local economic pest thresholds, or no insecticide 
(ICM). The first year (2003) of the vertical survey, which represented the first year of 
practicing the systems, was considered an assessment of the status of 
entomopathogen occurrence and activity, i.e. the baseline. The two following years 
were to determine the response to the different agricultural practices.  
In Estonia, no comprehensive studies have been conducted on EPN occurrence. In 
some studies, S. feltiae (Spiridonov and Voronov, 1995), and Steinernema sp. have 
been isolated from grassland and forests of Southern Estonia (Spiridonov et al., 
2004). Griffin et al. (1999) conducted a study restricted to coastal sites with the aim 
of isolating EPN from the family Heterorhabditidae, which were isolated from 27.3% 
of the samples. Sites that were positive with Heterorhabditis included meadows, 
recreational grassland areas, forest with extensive grass cover, and the margins of 
cereal fields. 
In Finland, a survey study was conducted by Vänninen et al. (1989) in two habitat 
types, forest and cultivated fields, throughout the country. They isolated EPN from 
raspberry fields, hayfields, pastures, turnip rape, rowan trees, and cereals, using the 
baiting method. The amount of organic matter and pH seemed not to have a 
significant effect on EPN occurrence. The soil type had an effect on EPN 
occurrence, as significantly more EPN were found in humus soil, than in silt and fine 
sand, and no EPN were recovered from clay soil. EPN were not recovered from the 
samples collected from the south of the country, orthe northernmost parts. Isolates 
were found in 27.8% of localities and in 5.8% of all samples. All isolates were 
identified as Neoplactana bibionis and S. feltiae. 
In Germany, EPN were isolated from different habitats ranging from woodlands, 
grassland, riverbanks, heather, orchards, tree nurseries and fields across the whole 
country (Sturhan, 1999). The direct extraction of EPN from the soil samples showed 
relatively high prevalence (25-34% of positive samples), being the highest in 
woodland (50% of positive samples). S. feltiae was the second most common 
species, showing limited preferences of habitat type, and no clear preferences of soil 
type. It was found in mixture with other species. 
In Poland, soil samples were collected from a national park, fields, meadows and 
forests and processed using the baiting method. S. feltiae was detected in forest 
localities in southern Poland regardless of the abundance of insects (Bednarek, 
1998). Jaworska and Dudek (1992) found EPN to be present in all surveyed 
30 
 
experimental agricultural fields regardless of pH, moisture and soil texture. EPN 
incidence was higher in summer and autumn than in spring. S. feltiae was the most 
common species.  
In Sweden, the prevalence of EPN in respect to sites was relatively high (25%) 
(Burman et al., 1986). Steinernematids were more prevalent in humus and sand than 
in loam or clay, while Heterorhabditis were not isolated.  
In the UK, EPN were isolated from 48.6% of sites, but they were not evenly 
distributed across the country. S. feltiae was the most prevalent species, while 
Heterorhabditis was scarce (Hominick and Briscoe, 1990). The habitat had a low 
effect on steinernematids, while the soil type was an important factor affecting EPN 
occurrence. In another study, conducted by Chandler et al. (1996), 4.3% of positive 
samples belonged to S. feltiae and Steinernema sp.C1. They were significantly more 
often isolated from hedgerow and woodlands than from cultivated fields. 
The study of natural EPN occurrence and its association with different 
environmental, ecological and habitat characteristics in a geographical area provides 
baseline information for the incorporation of entomopathogens in biological control 
programs. Prior to any EPN introduction in a crop or system, native EPN of the same 
habitat or system should be considered for planning successful BC. 
2.2 Inundation and inocultation of Steinernema feltiae in OSB growing 
system 
The inundative biocontrol strategy is the most commonly used strategy with insect 
pathogens (Hagler, 2000). Inundative release of EPN implies the application of EPN 
as bioinsecticides, with the expectation of controlling the pest population at the time 
of application. Recycling and persistence of the entomopathogen in the field is not 
expected. Studies on inundative applications of EPN show both successes and 
failures. The choice of EPN species for the inundative application in those studies 
was usually based on host specificity, habitat preferences, temperature tolerance, 
and soil texture. All this important information is usually obtained from survey and/or 
laboratory studies. 
Inoculation as biocontrol strategy aims at EPN recycling and persistence, which 
would ensure prolonged biocontrol of the target insect pest population. Inoculatively 
applied EPN is expected to control an insect pest population, recycle in it, and to 
emerge into the soil to infect immediately the same pest population, or to persist for 
some period of time either to control the population of another pest, or until the 
occurrence of another suitable host pest. There have been several attempts to 
inoculate S. feltiae and other EPN in the field, with inconsistent outcomes (Smits, 
1996). 
Inoculative release is a more complex biocontrol approach, since ensuring 
favourable conditions and improving them must be considered. Inoculation requires 
certain conditions such as targeting the time when an insect is at its susceptible 
stage, certain habitat type (when a species or strain is habitat-dependant), suitable 
climatic conditions, and soil texture that favours EPN recycling, dispersal and 
survival. Often, as part of inoculative release, the term augmentation is used. 
Augmentation is the use of different techniques to enhance the existing population of 
the BC agent (see Hagler, 2000). Generally, the results from the inundative, 
inoculative and conservation BC strategies have not been consistent.  
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Survey and laboratory studies have shown that S. feltiae is a generalist, exhibiting no 
particular association with habitat, crop, insect, climate conditions, or soil texture as 
presented in chapter 1. The host range that S. feltiae exploits when naturally 
occurring in fields, is wide, including species from the order Coleoptera, families 
Elateridae, Phythidae, Cerambicidae, Scarabeidae, Buprestidae, Curculionidae; 
order Diptera, family Bibionidae, and order Lepidoptera, family Noctuidae, (Peters, 
1996). The species is widely used in inundative biological control programs in the 
field against many insect orders and families, sometimes with intention to augment 
(enhance) its efficacy through the system or environmental manipulation  
Some of the main concerns, when employing any BC strategy are the suitable dose 
to be used, and the time of the application, so that it is both the most suitable for pest 
control, and economically feasible. Additionally, the method of application plays an 
important role on the feasibility of EPN use, since it has an impact on EPN survival, 
viability, and efficacy. Application method, dose and time are the most important 
factors in ensuring the success of EPN, and their use as a part of IPM, and finally 
their justified commercialisation (Georgis et al., 2006) 
2.2.1 Dose 
Application rates for soil application depend on insect susceptibility to EPN, the 
location of the target pest, and the environmental conditions. The role of the EPN 
strain and concentration could play the most important role for some larval instars, 
but not for others (Fuxa, 1988). Relatively low doses are needed when a pest is 
highly susceptible to EPN, or when EPN are highly virulent to a certain pest, and 
when a pest is not located deep in the soil (Shapiro-Ilan et al., 2002). On the other 
hand, a higher dose of EPN can compensate for lower virulence against the insect 
and unfavourable insect location.  
The effect of a dose for the soil application is usually tested by exposing a chosen 
insect pest to infective juveniles (IJ) under laboratory or field conditions. In laboratory 
studies, using aqueous application of EPN, the dose is reported as number of IJ per 
individual (Molta and Hominick, 1989; Ebssa et al. 2004), per cm2 (Campos-Herrera 
and Gutierrez, 2009), per dish containing sterilised sand or field soil (Fallon et al., 
2006; Ansari et al., 2008), or per Petri dish containing moist filter paper (Sepulveda-
Cano et al., 2008). The dose responses are calculated by determining LD50 and in 
some cases also LD90 (Ansari et al., 2008; Campos-Herrera and Gutierrez, 2009).  
Dose rate results differ among insect species tested and among EPN species or 
strains tested. Although laboratory and controlled conditions provide useful 
information about the dosage, greenhouse experiments are necessary to verify 
laboratory results. The effect of a dose and the dose that is required for satisfactory 
pest control then need to be tested under field conditions because of the complexity 
of the conditions present in the field, which impact on the dose response of the target 
insect. Both field and greenhouse experiments have been conducted to test the EPN 
efficacy in certain crops with a fixed dose (Forschleri and Gardner, 1991a; Jansson, 
1993; Cabanillas, 1996; Ellers-Kirk et al., 2000; McCoy et al., 2002; Lee et all., 2002; 
Shapiro, 2003), or to evaluate the effect of different doses on the target pest (Grewal 
and Richardson 1993; Fenton et al 2002). Lower doses are generally needed in 
greenhouse treatments, because in the field EPN are exposed to less favourable 
environmental conditions.  
Georgis et al. (1995) and Shapiro-Ilan, (2002) reported that the minimum required 
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dose for successful control of a pest in the field is 2.5x105 IJ/m2, while Smith (1994) 
considered the dose of 7.5x105 IJ/m2 necessary for consistent control of pests in the 
field.  
Since the dose depends on the environmental conditions, growing system, pest 
susceptibility and the target pest location, EPN sometimes cannot be recommended 
to be used for the control of insects when the required dose is too high to be 
economically justified (Molta and Hominick, 1989) or when there is no significant 
mortality at the justifiable or high dose rates (Willmott et al. 2002). Often reducing the 
dose while using the same application method resulted in reduced control of insects 
(Grewal and Richardson, 1993). Some results show that increasing the dose did not 
result in a significant decrease in the pest population (Grewal et al, 1993; Lewis et al 
2001; Cuthbertson et al, 2007). In mushroom growing, according to a model, the 
dose of 2M/m2 could reduce the pest population better than 3 M/m2 when the time of 
application was properly chosen (Fenton et al., 2002)   
Besides the EPN production expenses, high doses of EPN require a high water 
volume. Many attempts have been made to reduce the water volume, which can be 
too high for many field crops (Siegel et al., 2005). 
The dose recommended by commercial producers of EPN ranges from 5x105 IJ/m2 
to 3x106 IJ/m2, depending on the producer, crop, and target insect. For the control of 
pests in peach orchards 1x106 IJ/m2 was successful (Shapiro et al., 2004); for the 
control of fungus gnats of greenhouse ornamental production, S. feltiae was used at 
dose of 2.5x106 IJ/m2 (Jagdale et al., 2004); 59% control of carrot weevil was 
achieved with 4.4x105 IJ/m2 (Belair and Boivin, 1995). In the control of some species 
of mushroom flies the rate is usually from 1.5-3.0x106 IJ/m2 (Fenton et al., 2002). 
Successful control of mole crickets was obtained by 2x105 IJ/m2 (Parkman and 
Smart 1996), of Ostrinia nubilalis (Hübner) with 5x104 IJ/plant (Ben-yakir et al., 
1998), and of Agrotis ipsilon (Hufnagel) in corn with 2.5x105 IJ/m2 (Levine and 
Oloumi-Sadeghi, 1992). A dose of 2.5x105 IJ/m2 resulted  in  >90%  control  of  the  
sugar beet weevil (Curto et al., 1999). 
2.2.2 Time of the application 
As mentioned earlier, application time is one of the most important factors that affect 
EPN efficacy. Many researchers have conducted studies to determine the best time 
for the application. Examples include optimizing the application time in the control of 
white grubs in nurseries and greenhouses (Georgis et al., 2006), and timing for Delia 
radicum L. because it spends only a short period of time in the soil (Vanninen et al., 
1992, Nielsen, 2003), and the use of split dose for the control of mushroom flies 
(Fenton et al., 2002). Regardless of the application method, the timing of application 
targets the time when an insect pest is the most vulnerable to EPN invasion.  
In most cases EPN have been considered as biocontrol agents targeting the larval 
stage, while more recently applications are targeting also other developmental 
stages. Some recent BC strategy studies on determining suitable time of application 
when using inoculation of EPN focus on determining the time when an insect host is 
in the most susceptible stage or in a stage that is susceptible to EPN (e.g. Jackson 
and Brooks, 1995). When several stages or instars are susceptible to EPN, control 
can be prolonged by infections of several insect stages or instars. EPN have been 
shown to be effective against different larval instars. Ansari et al. (2008) showed that 
the second instar of Hoplia philanthus (Füessly) was more susceptible to EPN 
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infections than the third instar. Third instar Diabrotica virgifera virgifera (LeConte) 
larvae are five times more susceptible to EPN infection than second instar larvae, 
and 75 times more susceptible than first instar larvae and pupae, based on 
laboratory bioassays (Jackson and Brooks, 1995). In laboratory tests Heterorhabditis 
sp. was significantly more effective against the second than against the third instar 
larvae (Lee et al., 2002). Some studies show susceptibility or successful control of 
adults of Phyllotreta spp. (Trdan et.  al.,  2008),  and sugar beet weevil  (Curto et  al.,  
1999). Mannion and Jansson (1992) reported that adult males of Cylas fornicarius 
(Fabricius) are more susceptible than females. Some studies report results about 
pupal susceptibility to EPN, in sugar beet weevil (Curto et al., 1999), Hoplia 
philanthus (Ansari et al., 2008), western corn rootworm (Jackson and Brooks, 1995), 
Altica quercetorum and Agelastica alni (Tomalak, 2004), and the prepupal stage of 
Frankliniella occidentalis (Ebssa et al., 2001). 
Besides insect presence and susceptibility there are several other crucial factors 
determining the most appropriate time of application, including growing conditions, 
season (van Tol et al., 2004) and time of day (application in the evening or during 
cloudy days). In some cases the application strategy includes a split dose at two or 
more times to improve efficacy and/or persistence (Fenton et al., 2002), for example 
improving the efficacy of S. feltiae for the control of M. aeneus (Hokkanen, personal 
communication). 
Because EPN successfully control the larval stage, and only in rare cases other 
stages of insects, the first attempts to control M. aeneus were targeted to control the 
larval stage of that pest (Nielson, 2000; Hokkanen, 2006). Nevertheless, as the 
fourth instar larva, pupae and adult are all present in the soil, they all could be 
potential targets. 
2.2.3 Method of the application 
Entomopathogenic nematodes are commercially applied as IJ in aqueous 
suspensions by use of various irrigation systems, sprayers, or injection techniques 
(Georgis, 1990; Koppenhofer, 2000; Bateman et al., 2007). The application method 
has an effect on the EPN efficacy in terms of survival, losses, and infectivity. EPN 
efficacy is reduced also due to low post-application survival (Smits, 1996) 
Wide use of EPN in pest control requires, besides a satisfactory pest control, an 
efficient delivery system including formulation and application of EPN (Bateman, 
1999). The choice of application method depends on the formulation. EPN are used 
for above ground and ground application, and are most commonly applied to the soil 
(on the surface or under the soil surface). They are mostly used for the treatment of 
soil-borne insects (Wright et al., 2005). Foliar application methods have also been 
developed (Broadbent and Olthof 1995; Williams and Walters, 2000; Shroer and 
Ehlers, 2005).  
Soil application commonly involves aqueous suspension of EPN in conventional 
sprayers, irrigation systems for soil surface application, or injectors for injecting EPN 
under the soil surface. The application equipment used depends on the cropping 
system and handling conditions, including volume, pressure and recycling time, 
environmental conditions, and spray distribution pattern (Grewal, 2002). The 
spraying method is widely used, because there is no need for additional investments 
in equipment. Success of the soil application is affected by soil moisture, exposure of 
EPN to UV light, high temperature, and conditions in the application system. The 
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application system could cause losses and limited survival of EPN. The spraying 
system can damage EPN, or cause loss of viability during the passage through the 
system, in several ways. First, the EPN are mixed with water in a tank, where water 
temperature should not exceed 30°C (Grewal, 2002). Besides the intolerance of the 
EPN themselves to heat, higher temperature causes a decrease of available oxygen, 
and this further reduces nematode survival (Kung et al., 1990) and thus efficacy. The 
EPN are pumped from a tank through the system to nozzles, using pressure. 
Pressure is reported to have a significant impact on EPN viability (Nilsson and 
Gripwall, 1999; Fife, 2003; Fife et all., 2004). The impact of pumps used in the 
spraying system could also be significant. Fife (2003) showed that during many 
passages of EPN through the system pump, the application system warmed up, 
which affected EPN but did not damage them mechanically. Some nozzles are 
preferable to others in respect to EPN viability and damage caused (e.g. Curran 
1993; Fife et al., 2005). Hydraulic nozzles are widely recommended for EPN 
applications (Bateman, 2007) although the larger orifices require greater volume of 
water.  
The number of EPN that reached the soil was negatively correlated with plant height 
(Susurluk, 2005). Most of EPN that remain on plants will die due to UV exposure and 
higher temperatures (Gaugler, 2002).  
Irrigation systems have been successfully used for EPN delivery leading to control of 
insects (Wright et al., 1993; Ellsbury et al., 1996; Kakouli-Duarte et al., 1997; 
Wenneman et al., 2003).  
Viability is negatively affected by pressure and leakage, or by settling of EPN in the 
system because of insufficient flow of water leading to uneven distribution (Conner et 
al., 1998) and hence, decreased efficacy. 
For economically feasible and simplified applications, EPN could be combined and 
applied with pesticides. In some cases, pesticides could even have a synergistic 
effect on EPN (Ishibashi and Takii, 1993; Koppenhöfer et al., 2000). However, EPN 
are found to be intolerant of some insecticides (Rovesti and Deseo, 1990; De Nardo 
and Grewal, 2003).  
The injection method is used to overcome some of the problems that occur with the 
spraying and irrigation delivery methods (McCoy et al., 2000; Georgis, 1992), such 
as protection of EPN from UV light and desiccation. This method is also more 
suitable for use in clay soils, or when EPN are less active (Lewis et al., 1992). 
Injection is sometimes less effective than spraying (Curran, 1992). One of the 
disadvantages of this method is the use of high pressure. 
There are also some other subsoil application methods developed to overcome the 
problems of losses, lower viability, and other limitations that could occur in the use of 
spraying, irrigation and injection methods, or to find alternative methods to avoid the 
use of the necessarily high volume of water. A dipping method, where the strawberry 
plants are dipped into the nematode suspension before planting, showed promising 
results (Susurluk, 2005). In a laboratory experiment, Otiorhynchus sulcatus (Fabr.) 
mortality was 92-95%. A potential problem with this method could be the two-month 
persistence period form planting to pest attack. 
For some other formulations developed for EPN such as clay granules, different or 
modified application equipment could be required. Granular formulation can be used 
to apply EPN at the time of sowing (as in Wright et al., 2005; Peters, personal 
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communication). 
2.2.4 Abiotic factors affecting EPN efficacy 
EPN are pathogenic to a wide range of pests, but not many successful cases of 
control in the field have been recorded. Some of the examples of successful use of 
EPN are the control of Diaprepes abbreviatus L. in citrus, O. sulcatus in cranberries, 
and Sphenophorus spp. in turf (Georgis et al., 2006). Additionally, successful control 
has been reported in the control of weevils in strawberries (Wilson et al. 1999),  
sugar beet weevil in sugar beet (Curto et al., 1999), and M. aeneus and other OSB 
pests in Europe (Estonia, Germany, Poland, Sweden and UK) (Hokkanen et al., 
2006).  
Several BC strategies could be used with EPN: inundative, inoculative, or 
conservation when EPN naturally occur in the target area. In an early case, the use 
of unsuitable EPN species/strain against a particular pest was considered to be one 
of the reasons for EPN failures in the field (Georgis and Gaugler, 1991), but more 
recent studies show that besides successful EPN delivery into the soil and host-
parasite matching, other abiotic and biotic factors could limit their efficacy. The 
effects of abiotic and biotic factors have been well studied in laboratory conditions 
that enable exclusion of all other known biotic and abiotic factors. For soil 
application, the most important abiotic factors seem to be environmental conditions 
in the soil, which have direct or indirect impact of EPN efficacy through lowering their 
survival and limiting their dispersal. Some studies show an indirect effect of soil 
texture on EPN efficacy through limited EPN survival (e.g. Duncan and McCoy, 
1996; Shapiro et al., 2000), while other studies show no such effects (Beavers et al., 
1983). Even when EPN survive a short period after application, their dispersal could 
be limited due to small pore spaces in the soil (Choo and Kaya, 1991), which prevent 
EPN from dispersal, and thus reaching a host. Some authors consider the poor 
aeration of clay soil to have an impact on EPN survival (Kung et al., 1990).  
Extremely high or low moisture can limit EPN efficacy (Glazer, 2002). High moisture 
lowers the available oxygen needed for EPN survival and activity (Kaya, 1990). 
Nevertheless, in some cases a higher moisture level increases the efficacy of EPN, 
for example H. bacteriophora was more effective in the control of white grubs at 
higher moisture levels (Georgis and Gaugler, 1991). Low moisture can limit EPN 
motion and dispersal. The temperature effect is dependent on species and strain. 
High temperatures could enable EPN penetration into the target host, or decrease 
their efficacy due to desiccation (Glazer, 2002), while a lower temperature could 
decrease their activity and ability to infect a host. Temperature is the most limiting 
factor for the control of O. sulcatus (Van Tol et al., 2004), and spring application is 
the most appropriate (van Tol and Raupp, 2006). Georgis and Gaugler, (1991) 
showed that the control of white grubs increases with temperature being lower than 
20°C, while Lacey et al (2000) showed problems in EPN efficacy against Cydia 
pomonella L. that were caused by low temperatures at the time of the pest control. 
The effect of different pesticides on EPN efficacy has been reported to be synergistic 
(Koppenhofer et al., 2000), antagonistic or non-significant (Rovesti and Deseö, 
1990). The effect of pesticides cannot be generalised, as it is considered to be EPN 
species and strain dependent, apart from depending on the pesticide itself. 
In most cases, pH value of the usual growing conditions, between 4 and 8 would not 
affect EPN. Most of the studies on natural occurrence of EPN also report their 
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presence in a wide range of pH values (4-8). However, a few studies show that 
values lower than 4 or above 10 influence the host finding success for some EPN 
species (Fisher and Fuhrer, 1990; Kung, 1990). 
The accumulation of organic matter between the soil and turf grass foliage could limit 
nematode downward movement after application, and thus decrease EPN efficacy 
for white grub control (Georgis and Gaugler, 1991). 
The effect of fertilizers on EPN efficacy has been investigated by several 
researchers. Jaworska and Gospodarek (1993) suggested that lime or magnesium 
fertilizers that raise the soil pH, might increase the activity of EPN. Jaworska and 
Ropek (1999) showed that mineral fertilization and a high rate of nitrogen (480 
kg/ha) lowered the pathogenicity of S. feltiae and Hetherorabditis spp. Similarly, 
Bednarek and Gaugler (1997) reported a negative effect of synthetic fertilizers. 
Thurston et al. (1994) found that high concentrations of NaCl, KCl, and CaCl2 could 
affect the ability of  S. glaseri to seek and infect  a susceptible host,  while KCl,  and 
CaCl2 had no effect on survival, movement and infectivity of H. bacteriophora. 
Moderate concentrations of KCl and CaCl2 increased the nematode virulence. High 
concentrations of NaCl negatively affected survival, movement, and infectivity. 
Shapiro (1996) investigated effects of different nitrogen source on the virulence of S. 
carpocapsae, and observed that fresh cow manure and urea lowered nematode 
virulence when applied at the same time and at high rates (280-560 kg/ha). In a 
survey of naturally occurring EPN, Hominick and Briscoe (1990) observed a positive 
association between calcareous soils and steinernematids. 
2.2.5 Biotic factors affecting EPN efficacy 
The natural environment of EPN is soil, which is a very complex medium of biotic 
and abiotic factors. Since EPN are naturally found in the soil, it can be assumed that 
they coexist with other living organisms. However, when manipulating the ecosystem 
by introducing EPN, humans create an imbalance. Thus, after an introduction into 
the system, EPN could be affected by biotic factors such as competition, predation or 
parasitism. They could compete for food resources with pathogens, predators, and 
parasitioids. Food competitors could have a relationship with EPN, either 
antagonistically or synergistically. Antagonistic interaction has been observed with 
Beauveria bassiana in the infection of red fire ant (Brinkman and Gardner, 2000), 
synergistic interaction between EPN and Metarhisium anisopliae in the control of H. 
philanthus (Ansari et al., 2004). The type or interaction, if any, is affected by species 
and strain, timing, and rate of application (Koppenhofer and Kaya, 1997). 
Natural enemies of EPN include predatory mites, collembolas, nematophagous 
fungi, protozoa and other microorganisms in the soil (Kaya, 2002). Negative effect of 
parasitoids on EPN penetration and efficacy was reported, but EPN are compatible 
with some parasitoids (Lacey et al., 2003).  
Plants could have an indirect or direct effect on EPN. Indirect effect of plants on EPN 
pathogenicity and infectivity could occur through the insect pest’s diet (consumption 
of a particular plant). Sitona lineatus L. larvae that feed on pea were more attractive 
to S. carpocapse than those fed on bean (Jaworska and Ropek 1994). When 
Japanese beetle grubs were fed on ergotamine tartrate, Heterorhabditis 
bacteriophora had higher infectivity (Grewal et al. 1995). Kunkel and Grewal (2003) 
found that S. carpocapsae was attracted to 4–5th instar larvae of black cutworm fed 
on endophyte-infected perennial ryegrass more than to those fed on endophyte-free 
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grass. Endophyte-infected grass contains secondary metabolites produced by the 
fungal endophyte.  
A direct effect of a plant on EPN dispersal could occur due to EPN being attracted to 
some plant and/or root cues. Wang and Gaugler (1998) considered environmental 
cues to be a critical step in the infection process for some EPN. Nevertheless, 
presence of roots enhanced the infectivity of S. glaseri due to the root feeding by 
larvae of Japanese beetle that, in the same time, also consumed EPN. EPN may 
aggregate in response to cues such as the CO2 emitted by roots (Kaya and Gaugler 
1993). This phenomenon could provide a match of EPN with insects that are present 
around the roots, such as D. radicum. 
Many plants emit volatiles or other chemical cues that affect the insect pest or its 
pathogens, and some of these compounds could act as an attractant or a repellent to 
EPN. The amount and type of volatiles differ between undamaged and damaged 
plants. Maize plants damaged by Diabrotica virgifera virgifera release (E)-β-
caryophyllene that attracts Heterorhabditis megidis (Hiltpold and Turlings, 2008). H. 
megidis was attracted also to volatiles of a plant that was damaged by O. sulcatus 
(van Tol et al., 2001). 
Oilseed Brassica plants produce glucosinolates that can be directly or indirectly 
antifungal (Mithen et al., 1987), toxic to for some insect herbivores, or antifeedants 
for some invertebrates, while also attacking other insects stimulating their 
oviposition. It is believed that Brassica plant evolved glucosinolates as a defence 
mechanism against pests, which in time became a detection signal for food because 
certain insects developed ways to lower the toxicity of these compounds (Feeny, 
1977). Himanen et al. (2007) explained how herbivore feeding initiates the 
brakedown of glucosinolates by a plant enzyme, and how the feeding induces the 
production of glucosinates. Some insects can tolerate glucosinolates and their 
brakedown products, while some degradation products also serve as attractants for 
feeding. The composition of volatiles varies between Brassica species and through 
the development of the plant (Kondo et al., 1985). Volatile compounds present in the 
flowering stage of OSB varieties include phenylacetaldehyde, indole and (E,E)-a-
farnesene, but only some of them are present also in the bud stage of B. rapa. M. 
aeneus was shown to be more attracted to B. rapa in the bud stage than to B. napus 
varieties (Kondo et al., 1985). Volatiles are likely to be involved in host finding by M. 
aeneus, and are partly the reason for the pests to be attracted to B. rapa. This 
phenomenon could be the reason of the successful use of B. rapa as a trap crop in 
pest management strategies for B. napus (Cook et al., 2007) 
An insight in the factors and conditions that create the balanced coexistence of EPN 
and other organisms in the OSB growing system could be useful for employing one 
or more biological control strategies in the control of OSB insect pests.  
2.2.6 Controlled and slow release system for EPN application 
After the EPN-insect match and the infectivity of EPN are assured, field success of 
EPN depends largely on the success of the EPN delivery using a particular 
application system (Grewal, 2002). A delivery system consists of supply, formulation 
and application of EPN (Bateman, 1999). EPN are formulated to provide storage 
stability and field efficacy (Grewal and Peters, 2005). The most commonly used 
formulations, except EPN directly in water suspension, are based on carriers such as 
sponge or vermiculite. Most of them have to be stored at low temperatures (4°C). 
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Moreover, storage in formulation containing free water has several disadvantages 
such as microbial contamination, settling of EPN, oxygen demand, uneven 
distribution when taking a lower dose, and short storage time. In aqueous 
suspension, EPN lose energy because they more freely and sometimes escape from 
the carrier. Research with the aim to investigate other than water-based formulation 
for EPN has been motivated by requirements for improving activity, delivery, 
infectivity, storage stability, and quality maintenance, simplifying application, and 
prolonging post application survival of EPN (in Grewal and Peters, 2005). More 
studies have been conducted for the formulations used in above-ground application 
rather than for the soil application (Glazer et al. 1992; Shroer and Ehlers, 2005). 
Alginate, clay, and polyacrylamid have been developed as non-aqueous formulations 
to reduce metabolism of EPN by immobilisation or partial desiccation. Formulations 
that reduce EPN mobility in a carrier have been developed to prolong their survival 
and shelf life in storage and transportation (Georgis, 1990; Chang and Gehert, 
1995). An effective formulation provides stability of products from transport to 
application, and simplifies handling (Georgis et al., 1995). Additionally, formulations 
that immobilise EPN have been developed to save their energy reserves and thus to 
prolong survival such as powder formulation (Beding, 1988), granules (Connick et 
al., 1993), and water dissolvable granules (Georgis et al. 1995). Every formulation 
has advantages and disadvantages, though water-soluble granules were shown to 
be superior to other formulations due to extended nematode survival at room 
temperature (more than 6 months at 25°C for S. carpocapse). Water-soluble 
granules also enhanced EPN heat tolerance (Grewal, 2000). 
Several adjuvants have been developed to enhance survival, but no formulation has 
been effective at protecting EPN from environmental extremes during the application 
and post application periods (Grewal, 2002). Formulation of EPN in infected insect 
cadavers, in capsules, and in baits has been developed for application against soil 
insects (as in Grewal, 2002). Capsules and baits were developed mostly as a feed 
for insects where EPN would be released and kill the pest, but are not suitable 
against insects that do not feed in the soil, such as M. aeneus. 
Several formulations have been developed for enhancing nematode survival and to 
provide protection from environmental extremes during the application and post 
application periods. Desiccated cadavers coated with clay can provide better control 
of insects than aqueous application (Shapiro et al., 2003). Use of alginate gel 
capsules that require moisture to release the EPN, ensured successful migrating of 
EPN out of the capsules within a week (Kaya and Nelsen, 1985). Navon et al. (1998) 
developed insect-edible granules based on alginate gel. Menzler-Hokkanen and 
Hokkanen, (2002) formulated EPN in superabsorbent gel and used that for their 
application in bags. All of the methods were developed to overcome the problems of 
losses, lower viability and high water volumes that are usual with commonly used 
application methods and formulations. An optimal formulation is rather species-
dependent, due to different requirements for moisture, oxygen, and other aspects of 
EPN biology (Grewal and Peters, 2005). Factors that could limit survival in certain 
formulations are the loss of energy reserves, temperature, and microbial 
contamination of moist formulations. 
The standard application method by spraying requires a large volume of water, 750-
1890 l/ha (Georgis et al., 1995), but this volume is unacceptable in some cropping 
systems and by some farmers. In the case when a lower volume of water is used 
during EPN application, irrigation is needed before and after application (Grewal, 
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2002). 
New techniques have been developed for EPN application in order to avoid the 
limitations that are present in the three mentioned application techniques. 
Additionally, with the development of new EPN formulations, new application 
techniques have to be employed, for example the use of a seed drill for the 
application of clay granules (Smits, 1999). Potential problems with those granules 
could be poor persistence from the application period to the time when an insect is 
susceptible to EPN.  
Subsurface methods other than injection include dipping applications, which showed 
promising results in some studies (Shetlar et al., 1993, Susurluk, 2005). One of the 
potentially promising alternatives for EPN application is the use of infected cadavers 
(Koppenhofer, 2007). Under field conditions, use of cadavers infected by 
Heterorhabditis spp. resulted in significant control of Cylas formicarius (Jansson et 
al.,. 1993). Shapiro and Glazer (1996) found that the dispersal of H. bacteriophora 
and S. carpocapsae applied to sand in infected cadavers, was significantly greater 
after one day than when the same species were applied in water suspension. EPN 
migration was measured from the sand to the agar surface.  
Further studies by Shapiro and Lewis (1999) showed that infectivity of H. 
bacteriophora was significantly higher when infected cadavers were placed in sand 
in Petri dishes than when the EPN was applied in water suspension. The superior 
EPN efficacy was attributed to compounds that could enhance EPN infectivity and 
dispersal. Nevertheless, commercialisation of this technique would be risky, due to 
problems in storage and in application of sticky cadavers, and possible rupturing 
(Koppenhofer, 2000). Hence, Shapiro et al. (2001) tested formulations that would 
extend shelf life of EPN, and prevent damage of formulated cadavers in 
transportation and application. Additionally, the effect of partial desiccation on 
formulated and non formulated cadavers, and their tendency to rupture and to stick, 
were tested. The formulation consisted of coating the cadaver by dipping agent 
(1.coat), and rolling the coated cadaver in a powder (2. coat). This was aimed at 
preventing rupture and to gain structure. From the 19 combinations tested for 
formulation suitability, 10 were further tested for nematode reproduction. Nematodes 
emerging from formulated and non formulated cadavers were compared for their 
reproduction and infectivity. After the best performing formulation was indentified 
(starch for the first coat and clay for the second coat), a test compared the effects of 
partial desiccation on nematode reproduction in formulated and non-formulated 
cadaver. The results showed that formulated cadavers may increase nematode shelf 
life and prolong persistence in the field under dry conditions. 
To confirm the results from laboratory studies, an experiment under greenhouse 
conditions compared the effect of formulated cadaver to water suspension on EPN 
efficacy (Shapiro et al., 2003). Diaprepes abbreviatus (L.) was treated with H. indica, 
while O. sulcatus was treated with H. bacteriophora. Bait insects, T. molitor were 
infected on filter paper in Petri dishes in the laboratory. After 7 days the bait larvae 
were transferred to the greenhouse and either placed on soil in a pot or on a White 
trap for harvesting EPN for the water suspension application. On all sample dates, at 
7- day intervals, decreased survival of D. abbreviatus was recorded from bait insect 
application in comparison with the aqueous application. Bait insect application also 
resulted in a lower number of surviving O. sulcatus in comparison with water 
application on the first sampling date, but not on the second and third sampling 
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dates. The authors suggested that more effective cadaver application could be due 
to lower EPN damage caused by this method.  
Another potential formulation alternative for the EPN is superabsorbent polymer gel 
granules, NemaLife™ gel (Hokkanen, personal communication). Menzler-Hokkanen 
and Hokkanen, (2003) tested S. feltiae formulated in NemaLife™ . The shelf life of 
formulated S. feltiae was more than a year at 4°C. An experiment in the greenhouse 
with S. feltiae formulated in NemaLife™ gel, placed in bags having 200 μm mesh 
size openings, showed EPN’s successful emergence and searching for hosts. In 
another experiment, the bags were applied at the time of turnip rape sowing in the 
field, but they did not have a significant impact on the pest population. Further 
greenhouse tests showed that the majority of EPN successfully emerge from bags 
within 10 days and kill all bait insects within 7 days (Zec-Vojinovic and Hokkanen, 
unpublished data) which showed that in the field experiment, EPN emerged and 
probably did not survive until the occurrence of the pests.  
Since the production of EPN is relatively expensive in contrast to chemical 
pesticides, the application method should be highly effective, ensure the prevention 
of EPN losses, allow the use of low amounts water, and conserve or enhance the 
survival and infectivity of EPN. 
2.3 Persistence of EPN in agricultural fields and factors affecting it 
In this section the term persistence will be used to refer to persistence of EPN after 
their application to the soil. The number of EPN that reaches the soil, as discussed in 
the previous section, depends on the pre-application period, where, besides storage 
and transportation, handling and application processes affect the survival of EPN. In 
the post-application period, according to Smits (1999), the first minutes and hours 
after the application period are crucial for EPN survival. In that period, between 40-
80% of EPN do not survive. The remaining 20-60% of the applied EPN, settle in the 
soil and the population gradually decreases around 5-10% daily. The results from 
many studies, mostly in the laboratory, showed that EPN persistence is also species 
and strain dependant, and general factors that affect EPN persistence will differently 
affect the persistence of a species.  
Persistence of applied EPN under the field conditions is variable regardless of the 
application method: surface application using spraying method or subsurface 
application using injectors. Curran and Heng (1992) reported that after one day, the 
subsurface application method resulted in better persistence than the spray method, 
while by the seventh day the persistence was not affected by the application method. 
Both short- and long-term persistence was recorded regardless of the growing 
system and species used. In one study, H. bacteriophora was tested for persistence 
during 28 days and showed short persistence in turfgrass (Wilson and Gaugler, 
2003). S. carpocapse and S. glaseri could not be isolated after 8 days from 
bentgrass where they were applied to control black cutworm (Buhler and Gibb, 
1994). S. carpocapse persisted for 5 weeks in a maize field (Warshaw, 1992). Long 
persistence is considered as 6 months to several years. Ferguson et al. (1995) 
reported EPN persistence in alfalfa fields for at least for 6 months, regardless of soil 
type. H. bacteriophora could still be isolated from turfgrass after one year (Klein and 
Georgis, 1992). In another study, H. bacteriophora persisted up to 23 months, 
depending on the crop system (Susurluk and Ehlers, 2008). When H. bacteriophora 
was applied for the control of Otiorhynchus ligustici in an alfalfa field, it persisted for 
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more than 2 years (Shields et al., 1999). 
2.3.1 Abiotic factors affecting EPN persistence 
Variable EPN field persistence, besides depending on species or strain, depends on 
several other biotic and abiotic factors (Womersley, 1990; Kung et al., 1991; Curran, 
1993; Kaya and Koppenhofer, 1996). Although the most important abiotic and biotic 
factors are studied in detail and considered as limiting factors, in certain cases those 
factors that are generally considered as the most important factors may not have an 
effect on EPN persistence. 
One important feature common to all EPN that plays an important role in their 
persistence, and is the period of inactivity (anhydrobiosis or quiescence) 
(Womersley, 1993). Another favourable characteristic of EPN is the lipid reserves 
that IJ possess. Being in an inactive phase, EPN do not spend their lipid reserves 
and save energy, which enables them to survive in the soil for a longer period, until a 
suitable host is available. Survival dependence on lipids was shown in several 
studies, where it was evident that those IJ with a lower amount of lipids survive for a 
significantly shorter period (e.g. Curran, 1993)  
The main abiotic factors affecting post-application EPN persistence are soil 
temperature and soil moisture. Soil type, UV light and high osmotic pressure seems 
to be secondary factors affecting persistence. The effect of the soil temperature has 
been studied mostly under laboratory conditions. Generally, temperature below 0°C 
and above 40°C cause EPN mortality, while temperatures of 10-30°C do not affect 
survival and persistence. The effect of temperature on EPN persistence od several 
EPN species and strains under field and laboratory conditions was investigated by 
Baur and Kaya (2001), and the persistence was measured as half-life survival in 
days. When Steinernema and Heterorhabditis were placed in sterile sand, under 
laboratory conditions, to study the persistence time using different temperatures, S 
feltiae persisted better at 10°C than at higher temperatures. At 15-28°C, 70-90%  of 
the individuals were not active after 2 weeks, while at 10°C around 50% of 
individuals were still alive. One Heterorhabditis species persisted for 30 weeks, while 
another did not persist after 6 weeks at 15-28°C (Molyneux, 1985).  
The effect of moisture was shown to affect EPN persistence in several ways. 
Desiccation of EPN is caused by low moisture levels in the soil and the survival is 
thus low (Glazer, 2002). The level of desiccation tolerated by an EPN depends on its 
species and strain, geographical origin, and the ability to use some of the strategies 
employed during the time of drought. A species or strain naturally occurring in a 
certain geographical area is adapted to that area with all its environmental 
conditions. It is more likely that a nematode from a location with relatively high 
temperatures (in a season or during the year) will survive and persist better at those 
temperatures than another species originating from the cold climate (e.g. Griffin, 
1993). Desiccation problems could be partly overcome by entering the period of 
inactivity. The composition of the IJ cuticle also plays an important role in desiccation 
tolerance (e.g. Patel, 1997). The migration of EPN into small particles of soil, where 
they would be protected, is also one of the strategies to overcome desiccation. 
Regardless of moisture levels, a rapid post-application decline in the EPN population 
has been recorded (Kung et al., 1991). They also reported that higher mortality 
occurred at a higher level of moisture than at a lower level. On the other hand, 
relatively high moisture level could lower EPN infectivity and thus persistence. High 
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moisture accounts for low oxygen levels that affects some EPN. The oxygen level 
and EPN number was found to be reciprocal in an experiment by  S. carpocapse 
(Kung, 1990). In a study conducted by Koppenhofer and Fuzy (2006), it was 
presented that suitable moisture ranges for infectivity and persistence is species-
dependent. Other factors such as pH, soil type and UV light could have an impact on 
the EPN survival as described in the previous section (2.2.4). 
2.3.2 Biotic factors affecting EPN persistence 
All biotic factors that affect EPN efficacy also affect EPN persistence. When EPN are 
effective against a particular pest, there is potential for EPN to recycle in that pest 
and to persist. The only difference is that the impact of biotic and abiotic factors 
plays a more important role since the EPN have to survive a longer period of time 
after application, than when they are applied as bioinsecticides (immediate post-
application control of an insect pest). 
Host defence has been reported to lower EPN persistence because the applied 
population was not able to infect and recycle in a host insect. Insects can use 
general strategies to defend against EPN including avoidance, behavioural defence, 
or physiological mechanisms (Gross, 1993). An example of the physiological 
mechanism is encapsulation of EPN after they enter the body of a host. Tipula 
oleracea has been shown to successfully encapsulate Steinernema feltiae (Peters 
and Ehlers, 1996). Behavioural defence has been observed in Petri dish assays with 
Papillia japonica when it brushes its body with its legs after exposure to EPN, which 
the authors considered as key aggressive behaviour along with abrasive raster 
rubbing (Gaugler et al., 1994). The easiest way to avoid EPN is using avoidance 
strategy. 
A number of EPN antagonists, natural enemies and competitors for food exists in the 
soil. Organisms that kill EPN include predatory mites, predatory nematodes, and 
nematode-trapping fungi (Epsky et al., 1988; Kaya, 1990). The number of collembola 
and mites was positively correlated with short persistence of the applied EPN 
(Wilson and Gaugler, 2004). The negative effect of natural enemies affects the 
efficacy and persistence of EPN in the same way. The factors were discussed in the 
previous section (2.2.5). 
Food competition affects EPN persistence by preventing recycling. The competition 
can be intra and interspecific. EPN recycling could be limited by reducing the number 
of available hosts and/or by inhibiting EPN development within a host (Kaya and 
Koppenhofer, 1996). It has also been shown that an EPN species can complete all 
developmental steps within an insect that also hosts the granulosis virus or a 
pathogenic fungus at the same time, but in that case EPN precede the host infection 
(as reported in Kaya and Koppenhofer, 1996). On the other hand, Glazer (1997) 
demonstrated that in nature EPN is not attracted to infect an insect host that has 
been occupied for 6-9h (or more) before EPN infection. 
Insect size and stage are important questions in EPN persistence because some 
EPN susceptible insects limit the potential for the EPN recycling, and thus 
persistence. The problem could occur when a target pest is an inappropriate size for 
EPN infection, penetration and recycling, or when some stages are not susceptible 
to EPN infection.  
Several studies have been conducted with small-bodied insects to test their 
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susceptibility to EPN and their potential as hosts for EPN recycling. The problem with 
small-bodied insects is the small number of EPN that can be produced in them 
(Blinova and Ivanova, 1990).  
Some of the studies on samall sized insect are: 
Franklieniella occidentalis (Pergande) male is around 1mm and female around 1.4 
mm long as a larva. Prepupae, pupae and second instar larvae are susceptible to 
EPN and were studied by Tomalak (1994), Chyzik et al., (1996), Ebssa (2000), and 
Arthurs and Heinz (2006).  
Delia radicum (L.) a root fly and a widely distributed pest of Brassica plants. Winter 
oilseed rape is attacked by this pest early in its development. The fly deposits eggs 
close to emerging seedlings, after which larvae penetrate the roots (Rousse et al., 
2003). First and second larval instars, around two mm long, live in the soil before 
they enter the roots, and in that period they are a potential host for EPN. 
Susceptibility of D. radicum to EPN was demonstrated by Bracken (1990), Nielsen 
(2000), and Vanninen et al. (1992).  
Dasineura brassicae (Winn.) enters the soil for pupating when its is around 2 mm 
long. Although the larvae were shown to be susceptible to EPN, the nematodes are 
not able to penetrate or kill a high proportion of larvae, and when they penetrate, 
only a low number of EPN can be hosted (Nielsen and Holgar, 2003 ).  
The fourth instar larva of M. aeneus is around 4 mm long, is capable of hosting EPN 
and is suitable for their recycling, though low numbers are produce per larva, up to 
1260 of IJ (Nielsen and Holgar, 2003).  
Nielsen and Holgar (2003) examined the relation between IJ recycling (number of 
the new IJ generation) and host insect size, using D. radicum, D. brassicae, 
Ceutorrhynchus assimilis, C. pallidactylus, Meligethes spp., and Mamestra brassicae 
(L.) larvae. The experiment was conducted in small cups with sterile sandy loam soil 
where the insects were exposed to the Danish strain of S. feltiae, and commercially 
produced Heterorhabditis megidis and H. bacteriophora at room temperature. For D. 
radicum larvae, the number of the new generation of IJ had a positive relationship 
with larval size and, on average, ranged from 359 (from the smallest larva size class) 
to 3 549 (from the biggest larva sized class) IJ. The new generation IJ were smaller 
than usual when more than 900 IJ per one mg of larva was produced. C. assimilis 
yielded on average 1 423 of EPN when infected with S. feltiae. Meligethes spp. 
yielded from 713 to 1 263 IJ per larvae when infected with S. feltiae while 1,260 IJ 
when infected with H. bacteriophora. Two D. brassicae larvae were infected and it 
was not possible to determine whether the observed number of EPN (2 and 71) were 
from the applied population or the new IJ population. The largest IJ was 861 μm and 
was produced in a larva of 5.5 mg. This IJ size is similar to the size of IJ when they 
emerge from G. mellonella larvae. No correlation was observed between the new 
generation IJ size and IJ production per mg larva in this host. 
Similarly as for the EPN efficacy, identifying the factors that disturb and limit the EPN 
persistance could enhance the choice and success of one or more biocontrol 
strategies in the control of OSB insect pests. 
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3 RESEARCH METHODS AND DATA ANALYSIS 
This chapter introduces the methods and techniques of the study, which are part of 
the empirical research method in which, through a survey, experiments and a case 
study in OSB, data were collected. The collected data in this research served as a 
base to link the tentative theoretical framework, by answering particular research 
questions, developing a theory, proving theoretical assumptions, or deriving a 
conclusion.  
In the field experiments, it is less likely that only the introduced factors caused 
variation. However, most of the other factors possibly causing variations are 
discussed. Types of experiments used were randomised controlled experiments, 
which are mostly used to test efficacy, effectiveness and causality. Since the 
experiments were small, the randomisation in this research was performed 
physically. Additionally, this chapter also explains how data were analysed. 
3.1 Survey of entomopathogens in oilseed rape fields in the MASTER 
partner countries 
In an empirical approach, a survey belongs to quantitative group of methods. It is a 
collection of quantitative information about members of a population. The study was 
intended to gain approximate knowledge about the distribution and quantity of EPN 
and EPF in agricultural systems, and information about overall insect antagonistic 
activity. The survey of OSB fields was conducted in six countries that were 
collaborating in the EU Framework 5 project MASTER (Management Strategies for 
European Rape Pests), funded under the “Quality of life and management of living 
resources” programme. One of the project’s aims was to incorporate bio-control for 
European oilseed rape pests in integrated pest management strategies. The project 
was organised in four working packages, one of which investigated the potential for 
controlling OSB pests and incorporating the pathogens into pest management 
strategies. The starting point of this research was to investigate the occurrence of 
entomopathogens in OSB fields in the MASTER partner countries, in order to obtain 
the baseline information necessary for incorporating insect pathogens into an 
integrated pest management strategy for this crop. The sampling process consisted 
of several steps: i) specifying the sampling frame, ii) specifying the sampling method, 
iii) determining the sample size iv) implementing the sampling plan, v) data 
collection.  
In this study, two horizontal and vertical surveys were used (see section 2.1). A 
horizontal survey investigates a particular habitat or cropping system over space: 
continents, counties, regions, areas. The present study, the survey of OSB fields 
was spatially distributed over Europe. A vertical survey consist of repetitive sampling 
of a habitat or cropping system over a certain period of time. The present study, a 
vertical survey was conducted in the experimental fields in each country, where the 
fields were resampled every year, for three years.  
In both surveys, 3 approaches were used, two to measure the occurrence of EPN 
and EPF, and the third to record the overall activity of natural insect antagonistics. 
The approaches to measure the occurrence of EPN and EPF were: i) recording the 
prevalence (number of positive soil samples=> the number of samples from which 
entomopathogens were recovered), and ii) recording the relative intensity (number of 
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dead bait larvae for every sample and every pathogen). Recording the prevalence 
was assumed to give an insight on the distribution of the pathogens, while recording 
their intensity would approximately quantify them. It was assumed that, for biocontrol 
programs planning, quantification of insect pathogens and insect antagonists would 
provide valuable information on the soil condition. Recording only the prevalence 
provides information about the presence and distribution across a field, but 
quantitative information is lacking. High prevalence of EPN in a field does not 
necessarily indicate high intensity. 
3.1.1 Sampling process 
Soil samples were collected from OSB fields from the five countries: Estonia, 
Germany, Poland, Sweden and the UK. Two different sampling were conducted in 
each country. First, a horizontal survey including 10-27 OSB fields in each country 
was carried out. Fields where an OSB crop had just been established in 
August/September 2002, were selected for soil sampling, being at least 10-20 km 
apart. From each field, about 0.5 litres of soil from the top soil layer (up to 10 cm) 
was obtained as an aggregate of 1-2 dl from five different points at least 10 m apart 
in the field. In total, 86 composite soil samples were shipped to Finland, and were 
kept in cool storage (+4˚C) until processing. After the horizontal survey, a second 
sampling type was conducted from 2003-2005in a vertical survey, where in total 60 
soil samples from all countries were collected annually (over the three years) from 
the experimental plots to follow the prevalence and intensity of naturally occurring 
entomopathogens, and other insect antagonists. In each country, the experimental 
plots were established to compare two production systems: The Standard European 
Farming System (STN) employing current conventional practices for growing oilseed 
rape and The Integrated Crop Management System (ICM) designed to enhance 
biological control of pests. The main difference between the two systems is in the 
degree of working on soil, and in insecticide use. In the ICM system, reduced tillage 
with no ploughing was used, and insecticides were applied according to local 
economic pest thresholds, or not at all. The experiments were conducted from 2003-
2005 on plots of at least one hectare in size. This size gave them an identity 
separate from the surrounding fields, ensured use of farm machinery, and allowed 
natural distribution of pests and their natural enemies within plots. The experiments 
were located in Estonia on silty loam, Poland on sandy clay loam, Sweden on sandy 
loam, the UK and Germany on silty clay loam. Maximum clay content in every 
country was up to about 35%.  
3.1.2 Data collection: baiting method 
Data were collected by using the Galleria baiting method (Zimmermann 1986), and 
recording the number of dead bait larvae that died due to: i) any reason (total 
mortality-K), ii) EPN (kEPN), iii) EPF (kEPF),  and iv)  unknown biotic  factor  (kUBF). For 
every dead larva, cause of death was identified. The abbreviations used for the 
agents causing death was adopted from ecological studies on population trends, 
where K represents total mortality in a population, and k1…kn represents the cause of 
death of the individual organisms. Sum of all causes of death (k1+…kn) give the total 
mortality (K) of an organism (Southwood and Henderson, 2000, p 427) 
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3.1.3  Isolation of pathogens  
Each sample was thoroughly mixed and divided into three subsamples of 100 ml of 
soil, which were placed into plastic cups (250 ml) with five or three 70 mg larvae of 
Tenebrio molitor or last instar larvae of Galleria mellonella. Cups were covered and 
kept at room temperature, moisture was adjusted as necessary, and samples were 
checked every 4 days for one month. Dead larvae were removed, surface disinfected 
in 70% ethanol, and rinsed in water. Each larva was placed in its own moist 
chamber, a Petri dish (5 cm) lined with moist filter paper, in a drop of water. The 
moist chambers were kept in dark for up to one month at room temperature, until the 
presence or absence of pathogens could be assessed. Emerged nematodes were 
either formulated in NemaLife™ gel or, in the case when there was a very low 
number of emerged nematodes, in flasks with water. In most cases, parasitic 
nematodes perished in the water, so, they were placed in a cup with sterile soil, for 
better survival. The nematodes were kept at +4°C until they were used for reinfection 
and multiplication. Reinfection was performed to verify infectivity, while multiplication 
was performed for identification purposes. When a cause of death was identified as 
an insect parasitic nematode (PN), the rest of the unprocessed soil sample from 
which the PN was originally isolated was subjected to the baiting process in order to 
reconfirm their presence, and their ability to kill bait larvae. In the case that a 
parasitic nematode was accompanied by any other decetable microorganism, that 
nematode was excluded from further studies and the reason of death was labeled as 
unknown.  
3.1.4 Multiplication of nematodes 
PN and EPN originally obtained from soil samples were harvested and used for 
reinfection. Reinfection was performed for the two reasons: i) to prove an agent’s 
ability to kill a bait insect, and ii) to multiply it for the identification purposes. Only 
those nematodes that were present alone in the moist chambers, without other 
visible microorganisms, were used for reinfection and multiplication (RM). RM was 
performed in Petri dishes (5 cm) lined with filter paper, using approximately 100 
individuals of an agent per one bait larva, when there was a sufficient number of 
individuals. Dead larvae were incubated in moist chambers as described in 3.1.3. 
Emerged EPN and PN were harvested, and after “fast identification” (pipetting 
several individuals, heat killed, and checking under the optical microscope (60x 
magnification)), nematodes were classified as PN or EPN. EPN were stored either in 
flasks with water, or were formulated in the NemaLife™ gel, while PN were stored 
either formulated in NemaLife™ gel or in plastic cups filled with sterile soil, and kept, 
both EPN and PN, at +4°C until the identification process. It was not usually possible 
to store PN in flasks with water for duration of one month because they died. 
Although some PN are known to be used in the control of insects (Poinar, 1972; 
Nguyen, personal communication),  for some species of PN the reinfection was 
conducted in several rounds to confirm their ability to kill bait larvae. Criteria for 
classifying the nematodes as insect parasitic and subjecting them to the further 
identification process were:   
- Ability to kill a bait larvae at least once after the first isolation 
- The nematode is the only agent present in a bait larva, without any other visible 
microorganisms 
47 
 
- Possibility to reisolate a nematode from the same soil sample (when sufficient 
amount of soil remained after the first baiting) 
3.1.5 Identification of isolated nematodes 
Identification of PN and EPN to the family or genus level was based on morphology. 
For the horizontal survey (samples collected in 2002), and a part of the vertical 
survey (samples collected in 2003 and 2004), the identification was conducted in the 
Laboratory of Insect Pathology, Institute of Entomology, Czech Academy of 
Sciences, Ceske Budejovice, Czech Republic, during my education period, under the 
supervision of Dr. Zdenek Mracek. Additionally, several species of PN from the 
family Diplogasteridae were identified by Dr. Khuong Nguyen, Entomology and 
Nematology Department, University of Florida, Gainesville, during his stay in the 
same laboratory in the Czech Republic.  
EPN adult and IJ were fixed in 40% formaldehyde and identified to genus level using 
morphological characteristics, while PN were mostly identified using heat-killed 
specimens with several samples also being fixed in 40% formaldehyde.  
Part of the nematodes from the vertical survey (samples collected in 2005) were 
identified in Finland, based on the morphology of heat-killed specimens of IJ, males 
and females. Identification was performed using the identification keys published by 
Poinar (1977), Adams and Nguyen (2002), and Stock and Hunt (2005).  
3.1.6 Identification of isolated fungi 
From both the horizontal and the vertical survey, several species were identified. 
Metarhizium anisopliae was identified on a morphological basis in Finland, using the 
identification key published by Humber (1997), while Isaria fumosorosea and Isaria 
farinosa were identified in the laboratory of insect pathology and microbial control of 
University of Copenhagen, Faculty of Life Science, Denmark by Prof Jørgen 
Eilenberg. 
3.1.7 Identification of unknown causes of mortality 
Unidentified factors that caused mortality to the bait larvae, were further identified as 
either a biotic or an abiotic factor. All soil samples where high mortality of the bait 
larvae was due to an unknown killing agent, were steam autoclaved at 120° C for 2 
h, and subjected to the Galleria baiting method to rerecord the total mortality. When 
the larvae died, the agent that caused death was identified as abiotic, and when they 
did not die, the agent was identified as biotic. 
3.2 Experimental units, sites, and organisms  
Experimental units are systems, to which treatments are applied. They are assigned 
at random and have corresponding control. An experimental unit represented also 
the unit of the statistical analysis. The research experimental sites were farms in 
Finland and Germany, where the experimental units and organisms were tested.  
3.2.1 Experimental site and conditions in Finland 
Field trials were conducted in 2003-2006 on the Husberg farm in Lapinjärvi, southern 
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Finland (60°48'N, 26°12'E). The preceding crop in 2003, 2004, and 2005 was wheat, 
while in 2006 no precrop was sown (fallow). Turnip rape was sown with direct drilling 
usually in the last week of May, flowering occurred in one month, and harvesting in 
September-October. Main insect pests were Meligethes aeneus and Phyllotreta spp. 
The soil in 2003, 2004, and 2005 plots contained a high content of clay while in 2006 
it contained a very high content of clay.  
The wheat field trial was conducted in 2006 on the Husberg farm, and the preceding 
crop was turnip rape. The wheat was sown at the end of May, while the harvesting 
took place in August-September. 
The red clover field trial was conducted in 2005 on one of the experimental fields of 
the University of Helsinki, at Viikki, in Helsinki (60°12'N, 24°24'E) and the preceding 
crop was turnip rape. The soil type was clay. 
3.2.2 Experimental site and conditions in Germany 
The field trial was conducted in winter oilseed rape fields in 2006 on a private farm in 
Braunschweig, Germany, (52°18 N, 10°27 E). OSB was sown in August, flowering 
occurred in spring in the following year and harvesting took place in July. The soil 
was classified as silty clay loam. The only focus of this study was persistence of S. 
feltiae, but the persistence was one of the objectives of the whole study, which was 
conducted also to test the efficacy of S. feltiae against Delia radicum, and possibly 
against other important OSB pests such as Meligethes aeneus, Ceutorhynchus 
pallidactylus, C. napi, C. obstrictus. 
3.2.3 OSB plants 
OSB plants used in all experiments were grown in a greenhouse in potting soil 
containing N 100 mg/l, P 30 ml/l, K 200 mg/l, and pH 6.0. Moisture was adjusted as 
necessary. For the experiment conducted in olfactometers, plants with 3-4 leaves 
were removed from the soil, washed and planted into sand of 1.2 – 2 mm granule 
size.  
3.2.4 Entomopathogenic nematodes (EPN) 
For the laboratory, greenhouse and field experiments, a commercially produced 
strain of Steinernema feltiae Filipjev (Rhabditida: Steinernematidae) was supplied by 
E-nema, GmbH, Germany. Prior to the soil surface application using water 
suspension of EPN, and prior to formulating EPN in the NemaLifeTM gel used in the 
soil application, EPN viability (counting the number of mobile and dead infective 
juveniles) was checked. For viability checking EPN were held for 3 h in water before 
counting. In 95% of cases, the EPN were recovered and no adjustments were 
necessary to achieve the desired field rate. During the soil surface application 
method in 2005 and 2006 in Finland, and in the spraying application method over 
plats in 2006 in Germany, EPN samples were taken from the watering can or 
spraying tank, and the number of infective juveniles (IJ) were counted under the 
microscope to check nematode viability at the time of the application.  
3.2.5 Isaria fumosorosea 
The naturally occurring fungus I. fumosorosea (IME-05) was accidentally isolated by 
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the ‘Galleria bait method’ (Zimmermann 1986) from the Husberg farm during the 
efficacy and persistence study. The conidia were harvested aseptically from Galleria 
mellonella larvae, placed into sterilized distilled water containing 0.2% of the wetting 
agent Tween 80 (Fluka), and used for mass production on agar gel. The agar plates 
with I. fumosorosea were kept at +4°C. Prior to the experiment, conidia were 
harvested from agar plates, placed in sterile distilled water containing 0.2% of the 
wetting agent Tween 80 in a sterile Eppendorf tube. Spores were counted in 
haemocytometer and diluted to the concentration of 1 x 108 conidia/ml. 
3.2.6 Meligethes aeneus 
Adult beetles of Meligeths aeneus were sampled from OSB flowers using the suction 
method, by placing a plastic sampling vessel with an attached tube (5 mm diameter) 
above the plant and sucking the insects. The vessel was filled with OSB flowers. The 
larval stage was sampled by collecting OSB flowers from the fields. The flowers were 
then placed onto the filter paper in a cold room at +4°C, and larvae were collected 
from the paper after 4 hours, or the next day.  
For the pupal stage, M. aeneus larvae were sampled as described above. The larvae 
were placed in 15 cm diameter Petri dishes filled with the sterile field soil and left for 
pupation. When larvae reached pupal stage, they were used in the experiments.  
3.2.7 Baiting insects 
Tenebrio molitor was reared in the laboratory (oat, yeast, and carrots) in plastic jars 
at room temperature (as in Singh and Moore, 1985). The size of the larvae used in 
the experiments was 70-80 mg. 
Some Galleria mellonella were reared in 1000 ml volume glass containers at 28-
30°C on artificial medium according to Wiesner (1993). The rest were supplied by 
Livefood UK Ltd. Only the last instar larvae were used in the experiments. 
3.3 Laboratory and greenhouse experiments 
Laboratory and greenhouse methods were quantitative, and the choice of method 
depended on the aim of the study. Laboratory and greenhouse experiments provided 
the ability to control conditions with more precision and certainty than the field 
experiments. Laboratory experiments also enabled dividing the system into smaller 
units and investigating them separately, to gain better understand of the system 
functioning and causality between its units.  
3.3.1 Development of a controlled/slow release system (CRS) 
The experiment was conducted to develop an EPN application system, what would 
enable early application of EPN, and assure the presence of EPN when insect pests 
are susceptible. A secondary objective was to minimise the losses of EPN during the 
application period, and to decrease the water amount used. The experiment was 
designed in three parts.  
3.3.1.1 Choosing a formulation for the prototype biodegradable capsules for 
controlled release system 
This experiment was conducted to select the most appropriate formulation for EPN in 
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a particular package. The chosen packaging material was 100% biodegradable 
material used for biological waste (Bioska bags, Plastiroll Oy, Finland) which was 
used to examine its potential as a carrier of different EPN formulations. The material 
was used to create prototype capsules 15 mm in diameter and about10 mm high, in 
which formulated EPN were placed. Two ml of formulation containing 1500 EPN 
were placed into the capsule and the top of the capsules was twisted and sealed to 
prevent escape of EPN. The capsules were placed about 2 cm deep into the peat 
soil (type Kekkilä B0, Kekkilä Oy, Finland) vertically with the sealed part up in 8x8cm 
pots.  
Three formulation were compared: gel with large granules, gel with small granules 
(NemaLifeTM), and vermiculite. The large-granule gel (Aasatek, Finland, 
www.aasatek.fi) is manufactured to provide better aeration in potting soil. Gel with 
small granules, NemaLifeTM (Aasatek, Finland, www.aasatek.fi), is superabsorbent 
polymer powder that forms small granules with water. 
Five larvae in wire mesh were placed 2 cm deep in the soil, about 6 cm from the 
capsule, as this is the approximate maximum distance that nematodes should pass 
to reach an insect pest in the field, when 100 capsules are applied per square. M. 
aeneus pupates around 2 cm below the soil surface. Every 7 days, the samples were 
checked, the number of dead larvae was recorded, and all larvae were replaced with 
fresh ones. Living removed larvae were incubated for 5 days to exclude subsequent 
mortality. Dead larvae were removed, the surface disinfected with 70% ethanol, 
rinsed in water, placed on a White trap and dissected after around 7 days to 
determine the presence or absence of EPN.  
White traps (White, 1927) were used to allow the nematodes to reproduce in the bait 
larvae prior to dissection. An inverted Petri dish (10 cm) covered with filter paper was 
placed in a larger Petri dish (15 cm). Dead bait larvae were placed on the filter paper 
and covered. After three days, 3-5 ml of water were added to the larger Petri dish to 
prevent larval desiccation. Keeping the White trap at low moisture restricted 
contamination by microorganisms. 
The experiment consisted of three replicates using randomized block design. In the 
control, formulation materials included no EPN.  
3.3.1.2 EPN dynamics and infectivity in CRS and in the soil 
To determine EPN survival and infectivity in the chosen formulation (NemaLifeTM 
gel), and whether EPN emerge and remain alive and infective, two sets of 
experiment were conducted.  
The first experiment was designed to check the infectivity of EPN in a capsule and to 
approximately quantify them, which would give an insight into their emergence 
dynamics over the experimental period. In this set, one biodegradable CRS capsule 
was placed per 8x8cm pot filled with the sterile field soil that had been collected from 
the Husberg farm and steam autoclaved at 120°C for 2 hours. The capsules were 
placed around 2 cm deep in the soil and the pots were kept at room temperature. 
The moisture of the soil was adjusted as necessary during the experiment. Three 
capsules were taken daily (three replicates), from day 7 until day 30, and then on 
day 35. The capsules were opened, then the formulated EPN was poured onto filter 
paper in a 5 cm Petri dish, and the inside of the capsule was exhaustively washed 
into the same Petri dish with 100 µl of water. Ten larvae of either Tenebrio molitor or 
Galleria mellonella were added to each Petri dish, which was then covered and 
51 
 
sealed. The Petri dishes were checked every 2 days, dead larvae were removed, 
surface disinfected in 70% ethanol, rinsed in water, and placed on White traps (see 
3.3.2). Bait larvae were dissected after 7 days to determine the presence or absence 
of EPN. On every checking date, dead larvae were replaced with live larvae until no 
larvae were dead for two checking rounds. All larvae from the last checking round 
were incubated for 7 days to exclude subsequent mortality.  
The second experiment was designed to record the presence of the infective EPN 
that emerged from a capsule in the soil and, if present, to approximately quantify 
them, according to the number of dead bait larvae. The number of dead larvae is 
reciprocal with the number of EPN (e.g. Koppenhöfer, 1998). In this experiment, the 
soil from where three capsules (three replicates) were taken on days 7, 14, 21, 28 
and 35 was removed to fresh plastic pots with 5 Tenebrio molitor or Galleria 
mellonella larvae and covered with a lid. The soil samples were checked every 4 
days until no dead larvae occurred in two checking rounds. On every checking date, 
dead larvae were replaced with live ones until no larvae were dead. Dead larvae 
were removed, surface disinfected in 70% ethanol, rinsed in water, placed on White 
traps (see 3.3.1.1) and dissected after 7 days, to determine presence or absence of 
EPN.  
Combining the data from the two experiments: 
Relative number of EPN in a CRS capsule is calculated according to the number of 
dead larvae that EPN discarded from a capsule kills in a Petri dish. The number of 
dead larvae that 100% (5000), of formulated EPN can kill is on average 30 (100%). 
The percentage of EPN in a capsule on a given day is calculated as follows: 
Cepn(x)= (Lx/L1)x100 
Lx is number of dead larvae on a given day 
L1 is number of dead larvae on the first day 
Cepn(x)= approximate percentage of EPN in a capsule on a given day 
Accordingly, relative number of emerged EPN from a capsule is calculated based on 
the proportion of EPN in a capsule. It is calculated as follows:  
Eepn= 100%-Cepn 
3.3.1.3 Determining the number of bait larvae that 5000 of EPN is able to kill in 
four different media  
The experiment was conducted to determine the number of bait larvae that an initial 
number of 5000 formulated and non formulated EPN were able to kill in different 
media. The contents of three prototype capsules (3 replicate) were poured onto 3 
different media: the filter paper in a 5 cm Petri dish, sterilised field soil from the 
Husberg farm, and sterilised sand, both soils in 250 ml plastic pots covered with a 
lid. A fourth treatment composed of 5000 IJ applied in 100 µl of water suspension to 
the filter paper in a 5 cm Petri dish. The Petri dishes were checked every 2 days, 
while the pots were checked every 4 days. On each checking date, 10 larvae were 
added to each dish and 5 larvae to each pot and dead larvae were replaced with live 
ones until no larvae were dead. Dead larvae were removed, surface disinfected in 
70% ethanol, rinsed in water, placed on White traps (see 3.3.1.1) and dissected after 
7 days, to determine presence or absence of EPN. 
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3.3.1.4 Impact of the OSB plant on the speed of EPN emergence from CRS 
capsules 
The experiment was performed in a greenhouse in two different sets, using plastic 
pots 80 cm long, 12 cm wide and 15 cm high, filled with peat soil (type Kekkilä B0, 
Kekkilä Oy, Finland), to offer EPN enough space and choices to spread in different 
directions and distances. EPN were formulated in NemaLifeTM gel and packed into 
the prototype CRS capsules (described in 3.3.1.1). Control consisted of gel-filled 
capsules without nematodes and the experiment was conducted with four replicates 
in a randomised block design  
In the first set, EPN were applied to the OSB plants at flowering stage. On one side 
of the plant, 5 larvae were placed in a wire mesh cage 2 cm deep in the soil, and on 
the opposite side one prototype CRS capsule was placed at the same depth. The 
distance between the larvae and the CRS capsule was about 6 cm.  
The second set was constructed in the same way, except that there was no plant 
between the larvae and the capsule.  
In both sets, the samples were checked every 7 days to record the number of dead 
larvae. Dead larvae were removed, surface disinfected in 70% ethanol, rinsed in 
water, placed on White traps up to 7 days, and dissected to determine presence or 
absence of EPN. On every checking date, both dead and living larvae were replaced 
with fresh ones. Removed live larvae were incubated for 5 days to exclude 
subsequent mortality. The experiment was performed in four replicates. 
3.3.2 Impact of selected biotic and abiotic factors on S. feltiae efficacy 
Several aspects of the OSB production system may have an impact on S. feltiae 
efficacy in the field. These experiments were designed to test some of these factors.  
3.3.2.1 Interaction of S. feltiae and I. fumosorosea 
One of the OSB growing system factors at the Husberg farm was a naturally 
occurring EPF, I. fumosorosea,  which  was  isolated  from  soil  samples  during  the  
research period. This experiment was conducted  to examine the impact of I. 
fumosorosea on S. feltiae efficacy. The experiment was divided in two sets each 
conducted in 3 replicates in a randomised block design.  
In the first set, Petri dishes (5 cm diameter) were filled with sterile sand (particle size 
1.2-2 mm), in which 20 field-collected M. aeneus larvae were exposed to S. feltiae, I. 
fumosorosea, and the combination of these two, applied simultaneously. In the 
control, the corresponding amount of water was used, with neither S. feltiae nor I. 
fumosorosea. S. feltiae was  applied  at  a  dose  of  0.5  M/m2 in water suspension. 
Conidia of I. fumosorosea were counted in haemocytometer and diluted to 
concentration of 1 x 108 conidia/ml. Sand was used to simulate soil conditions, and 
on that way to provide information on potential outcome in the soil.  
In the second set, OSB flowers were placed in Petri dishes (5 cm diameter) lined 
with filter paper (Figure 1). Twenty M. aeneus larvae were applied over the flowers 
and left for 2 hours to settle, then were exposed to S. feltiae, I. fumosorosea, the 
combination of these two, or the control with neither agent.  
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Figure 1: M. aeneus treated with different treatments in flowers. Photo by the author 
This set provided information on what could occur under the field and/or greenhouse 
conditions when EPN would be applied over flowers and it was based on the 
previous pilot experiment with M. aeneus adults, conducted in the Institute for 
Phytopathology, Department for Biotechnology and Biological Control, Christian-
Albrechts-Universität Kiel, Raisdorf, Germany during the Short-Term Scientific 
Missions within the COST action 850 framework. That study showed that pollen 
formed glue-like mass with nematodes, preventing the beetles from escaping and 
causing them to rapidly lose their fitness, and enabling easier penetration by EPN. 
The experiments were conducted at room temperature, and humidity was adjusted 
as necessary. Larval mortality was assessed after 12 h and 24 h, and continued 
daily for four and for six days in flowers and sand, respectively. Microscopic 
observation of the behaviour of the M. aeneus larvae lasted for three hours during 
the first day, and then samples were checked every hour for the next 6 hours, to 
record the interaction and behaviour of EPN and larvae. Dead larvae were removed, 
surface disinfected in 70% ethanol, rinsed in water, placed on a White trap and 
dissected after up to 7 days to determine presence or absence of EPN. Microscopic 
observation was the only qualitative method used in this study. 
3.3.2.2 Oilseed Brassica plant and fertilizer impact on S. feltiae efficacy 
The aim of the study in the greenhouse was to investigate a possible impact of the 
rapeseed plant, organic fertilizer, and synthetic fertilizer on S. feltiae efficacy (Table 
1). The experiment consisted of 7 treatments and 6 replicates in randomized 
complete block design (RCBD). Two control treatments were used (positive and 
negative): baiting larvae without EPN, and baiting larvae with EPN. T. molitor larvae 
were placed in the soil in wire mesh bags. However, the in the analyses only positive 
control was included.  
To obtain information of an impact of the factors on the S. feltiae efficacy, S. feltiae 
had to cross the rhizosphere and/or fertilizer zone, in order to reach the bait larva 
that was placed 6 cm away (Figure 2).  
The experiment was conducted in flower pots (80 cm long, 12 cm wide and 15 cm 
high) containing a mixture of potting (Biolan Musta Multa, Biolan Oy, Finland) and 
peat soil (type Kekkilä B0, Kekkilä Oy, Finland). The bait larvae and the EPN (1500 
IJ/m2) were placed 2 cm deep into the soil on the same day. Turnip rape seeds were 
sown in a row, across the pot at the commonly used sowing rate used in Finland (3 
plants per row, 4 cm between plants). Organic fertiliser (Biolan, nitrogen 4%) at rate 
54 
 
of 2200 kg/ha was placed in the plant row at 1 cm depth, and synthetic fertiliser NPK 
(14-5-21, Puutarhan Täyslannos, Kemira Agro Ltd, Finland) at 500kg/ha.  
The number of dead larvae was checked every four days. Dead larvae were 
removed, surface disinfected in 70% ethanol, rinsed in water, placed on a White trap 
for up to 7 days, when they were dissected to determine presence or absence of 
EPN. 
 
Figure 2: Greenhouse experiment- part of the crossing zones: B-placement of 
nematodes; A- rhizosphere zone; C-bait larva in the wire bag; D- bait larva in the 
wire bag for the fertilizer treatment; E- fertilizer zone 
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Table 1: Experimental treatments testing the effect of Brassica plant and fertilizers 
on EPN infection of M. aeneus larvae 
Test factor Description 
Plant + organic 
fertilizer 
OSB plants were sowed together with organic fertilizer in 
the same row 
Plant + synthetic 
fertilizer 
OSB plants were sowed together with synthetic fertilizer 
in the same row 
Plant Only OSB plants were sowed in a row 
Organic fertilizer Only organic fertilizer was placed in a row 
Synthetic fertilizer Only synthetic fertilizer was placed in a row 
Bait larvae only No EPN; negative control 
Bait larvae + EPN EPN had no substrate to cross in order to reach the bait 
larvae; positive control 
 
3.3.2.3 Olfactometer experiments 
Nematode attraction and choices were tested in 6-arm olfactometer with four 
replicates.  
In the first experiment (Olfactometer A) the choices were OSB plant, Galleria 
mellonella larvae, the combination of OSB plant and organic fertilizer, and a 
combination of OSB plant, organic fertilizer and Galleria mellonella (Table 2). 
Table 2: Factors tested in Olfactometer A 
 
In the second experiment (Olfactometer B) the choices were OSB plant, Galleria 
mellonella larvae, M. aeneus larvae and infested OSB plant with M. aeneus larvae 
(Table 3). 
Test factor Contents of attached pot 
OSB plant Plants grown in a greenhouse, at the 3-
leaf stage and removed into the 
olfactometer pots  
Galleria mellonella larva G. mellonella in a wire mesh bag 
OSB plant + organic fertilizer Plant with fertilizer  
OSB plant + Galleria mellonella Plant and Galleria mellonella  
OSB plant + organic fertilizer + Galleria  Plant with fertilizer and G. mellonella  
Control Sand only 
56 
 
Table 3: Factors tested in Olfactometer B 
Test factor Contents of attached pot 
OSB plant Plants grown in a greenhouse, at the 3-
leaf stage and removed into the 
olfactometer pots 
Galleria mellonella larva Galleria mellonella in wire mesh bag 
M. aeneus larva Three field collected M. aeneus larvae in 
wire mesh bag 
Infested OSB plant with M. aeneus 
larvae 
20 M. aeneus larvae/OSB plant, larve 
placed onto the flowers and buds, funnel 
around the flowers* 
Infested OSB plant with M. aeneus 
larvae and M. aeneus larvae in wire 
mesh bag in the pot 
The infested plant (as described above) 
+ three M. aeneus larvae in a wire mesh 
bag placed around plant roots 
(simulating dropping larvae to the soil) 
Control Sand only 
* Filter paper was mounted around the plant in the shape of a funnel (Figure 4). The 
purpose of the funnel was to collect potentially dropping larvae, which were then 
returned to the flowers. Funnels were checked 9 times during the day throughout the 
experimental period.   
 
The olfactometer system was filled with sterile sand (1.2-2 mm particle size and 10% 
w/v moisture). The olfactometer consisted of the central chamber (8.5 cm in diameter 
and 10 cm deep) to which six equally distributed plastic rectangle pots (6x7 cm and 
10 cm deep) were attached with plastic tubes (diameter 2.5 cm, 5 cm long) (Figure 
3). The chamber and the pots were attached to the tubes at a height of 0.5 cm. Each 
test factor was placed in a plastic pot at 1 cm from the bottom, so the factor was in 
the middle of the tube opening attached to the pot. 
The olfactometer system was allowed to equilibrate for 24 hours prior to the 
nematode application. EPN (5000 IJ) were applied in water suspension in the middle 
of the central chamber. Five days after the nematode application, the connecting 
tubes were detached. The sand was poured onto a sieve over a container filled with 
water, and rinsed with 500 ml of water to wash EPN into the container. The sand 
from the tubes was left on the sieve for 2 hours, to enable emergence of any 
remaining EPN into the water. The water containing EPN was poured into a glass 
cup to allow the EPN to settle, and then the supernatant was decanted. EPN were 
counted in a counting chamber. Additionally, the sand from attached pots was baited 
adding 3 Galleria mellonella larvae to check for the presence of EPN. When no dead 
larvae were found for 14 days, the sand was subjected to EPN extraction, as 
described above, to determine possible EPN presence. The efficiency of this 
extraction method was tested prior to use in the experiments. In a preliminary run, 
the olfactometer system was tested daily for 5 days. On the first and second day, no 
EPN were recovered, on the third and fourth day low numbers were recovered, and 
on day 5, the number was sufficient to allow statistical analysis.  
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Figure 3: Olfactometer (schematic drawing): A -EPN application spot; B- distance 
EPN has to cross to enter the connecting arm (4.25cm); C-central chamber; D- 
connecting arm (5cm long); E- rectangle pots containing one of the testing factor; 
Factor 1-Factor 6- testing factors 
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Figure 4: A- Filter paper (funnel shape) around the OSB flowers; B placement of the 
larvae with a needle; C- M. aeneus larvae; typical damage caused by larvae 
3.3.2.4 M. aeneus- adult stage 
This experiment was conducted to investigate whether OSB pollen forms a glue-like 
mass with EPN, and to assess the efficacy of EPN in this circumstance. For this test, 
M. aeneus adults were collected from an OSB field near the University of Helsinki 
campus (Viikki) in Finland, using the suction method as described in 3.2.6. The 
beetles were kept at +4°C until use. OSB flowers, collected from the field, were 
placed in Petri dishes (5 cm diameter) lined with filter paper (Figure 5), and 20 M. 
aeneus adults were placed on the flowers, then. S. feltiae was applied over the 
flowers at rate of 150 EPN/beetle. Microscopic observation of EPN and beetle 
behaviour was conducted for 3 h continuously after EPN application and then briefly 
every hour, for the next 5 h. Mortality was assessed after 10 h and 24 h, and 
continued daily until all treated beetles were dead. Dead beetles were placed into a 
drop of water in a Petri dish lined with filter paper and dissected after 7 days. The 
control consisted of beetles treated with water without EPN and there were 3 
replicates. Experiments were conducted at room temperature.  
3.3.2.5 M. aeneus- pupal stage 
Field collected M. aeneus larvae were sampled as described in 3.2.6. The larvae 
were placed to (15 cm diameter) Petri dishes filled with the sterile field soil and left 
for pupation. When larvae reached pupal stage, 10 pupae were placed into Petri 
dishes (5 cm diameter) filled with sterile sand. After 2 h EPN were applied evenly on 
the sand surface in water suspension at 0.5 M/m2, and control was an equivalent 
volume of EPN-free water. Sand was used instead of field soil to enable easier 
microscopic observation of the EPN and pupal behaviour. The moisture of the sand 
was adjusted as required during the experiment. There were four replicates. 
Experiments were conducted at room temperature. Interaction and behaviour of EPN 
and pupae were observed in the microscopic continuously for the first 3 h after EPN 
application, and then briefly every hour, for the next 6 hours. Pupal mortality was 
assessed after 12 h and 24 h, and continued daily until all treated pupae were dead. 
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Dead pupae were placed into Petri dishes (2 cm diameter) in a drop of water and 
observed every day for 7 days when they were dissected. 
3.3.2.6 M. aeneus- larval stage 
Measurements and observation for this study was part of the experiment described 
in 3.3.3.1. 
3.3.3 Impact of selected biotic and abiotic factors on S. feltiae persistence 
This experiment was conducted to examine the most important factors of the OSB 
growing system affecting the persistence of EPN.  
3.3.3.1 Impact of I. fumosorosea  
I. fumosorosea was  isolated  from  some  soil  samples  collected  from  the  OSB  
experimental plots on the Husberg farm. During the baiting process it was observed 
that a bait larva hosted a mixture of I. fumosorosea and S. feltiae. Larval dissection 
showed that the number of EPN was much lower when I. fumosorosea and EPN 
occurred together in a larva. This experiment was conducted to obtain baseline 
information about the possible impact of I. fumosorosea on EPN multiplication. Ten 
Galleria mellonella larvae were placed in 5 cm diameter Petri dishes, lined with the 
filter paper, and exposed to the combination of I. fumosorosea and S. feltiae. I. 
fumosorosea was applied at a concentration of 1 x 108 conidia/ml, while S. feltiae 
was used at 150 IJ/larva. There were three replicates. Two controls were used, one 
where only S. feltiae was applied, and one where only I. fumosorosea was applied. 
The mortality was recorded every day, dead larvae were surface disinfected in 70% 
ethanol, rinsed in water and placed into moist chambers at room temperature for up 
to 14 days. The larvae were dissected at the stage when EPN could reach the stage 
of multiplication (around 14 days) and two parameters were recorded: i) softness of a 
larva, and ii) the number of EPN in a larva. Softness of the larvae was divided into 
the 4 categories: 1) soft (indicating only EPN infection), 2) moderately hard (soft 
body parts, body slightly filled with the fungus), 3) hard (whole body evenly filled with 
fungus with some small soft cylindrical patches of larval tissue) and 4) very hard 
(larval body completely filled with the fungus, soft parts completely absent). The 
number of EPN was separated into 5 categories: 1) no progeny, 2) very low (1-20 
EPN/larva), 3) low (20-50 EPN/larva), 4) average (50-100 EPN/larva), and 5) high 
(more than 100 EPN/larva). 
3.3.3.2 Impact of EPN ability to penetrate and recycle in M. aeneus  
The experiments were performed with pupal, larval and adult stages of M. aeneus 
since those stages could possibly be affected by EPN in the soil, after the larvae 
descend for pupation, and before the emergence of the new generation of adults. 
For the adult, pupal, and larval stage, the experiment was a part of the studies 
described in 3.3.2.4, 3.3.2.5, 3.3.3.1, respectively. 
3.4 Field experiments 
A hypothesis tested in a controlled environment remains to be tested in the natural 
environment. Field experiments are subject to possible contamination and cannot be 
completely controlled but are otherwise similar to laboratory experiments, as 
experiments are also randomized, controls are used, and outcomes and causality 
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are compared.  
3.4.1 Potential of EPN in controlling OSB pests 
In the laboratory, EPN were effective against M. aeneus. Besides laboratory studies, 
previous field studies showed the high potential of EPN for controlling M. aeneus 
(Hokkanen, personal communication). Since the results from earlier field studies 
were not consistent, this experiment was conducted to examine the main factors that 
could potentially affect the EPN effectiveness (Table 4). The results from these 
experiments were used, together with the laboratory results, to build the scientific 
inference about the S. feltiae efficacy against M. aeneus. 
Table 4- Factors tested in field experiments examining S. feltiae and M. aeneus on 
turnip rape crops in Finland 
EPN 
application 2003 2004 2005 2006 
Method Surface 
 
Surface Surface 
Soil 
Surface 
Soil 
Dose Medium 
(0.45M/m2) 
Low (0.1, 0.3M/m2) 
Medium (0.5M/m2) 
High (1M/m2) 
Low (0.1M/m2) 
Medium (0.5M/m2) 
 
Medium 
(0.5M/m2) 
Time Early Delayed Early 
Optimum 
Early 
Optimum 
 
3.4.1.1  Application methods 
Two application methods were used: surface application and soil application. 
Surface application was performed with a watering can, simulating spray treatment. 
The tested dose of EPN in the water suspension was transported to the field in cool 
boxes, and mixed in a watering can containing 20 l ofwater before application. The 
suspension was slowly stirred and applied evenly over the soil surface in the 
experimental plots. The distance from soil to the spout nozzle was up to 15 cm, to 
avoid losses of EPN. The soil application was performed by applying the 
biodegradable prototype capsules (controlled release system (CRS)) containing EPN 
formulated in the NemaLife™ gel. The capsules were created manually as described 
in 5.1.2.1, and transported to the field in cool boxes. The CRS capsules were placed 
about 2 cm deep in the soil with the help of a steel gardening. The pupation depth of 
M. aeneus is approximately 2 cm, so this depth would increase the possibility for 
EPN to encounter M. aeneus, and to protect them from UV light and drought. In all 
experiments, 100 capsules per m2 were applied. 
3.4.1.2 Application doses 
The doses were separated in 3 categories: low, medium, and high dose. Low 
category doses were 0.1 M/m2, 0.3 M/m2; medium dose 0.45 M/m2 0.5M/ m2; and 
high dose 1M/m2.  
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3.4.1.3 Application time 
The time of EPN application was determined according to the biology of M. aeneus 
and was categorized as either: early or optimum timing. Delayed timing represented 
an additional category that was included when the application at the optimum timing 
was not possible. Early timing corresponds to 2-3 weeks after sowing (around one 
month before larvae drop for pupation); optimum timing corresponds to the time 
when larvae descend to the soil for pupation, and delayed timing corresponds to the 
time when the pupal stage predominates in the soil, with fewer larvae, and possibly 
more adults. Depending on the weather conditions determining pest occurrence, the 
early application was performed in the beginning and middle of June, optimum 
application about mid July, and delayed application in the last week of July and first 
week of August. 
Trials in 2003  
The preceding crop was wheat. Soil surface application methods, early timing (first 
week of June) and medium dose (0.45 M/m2) were tested. The control plots were 
treated with the same volume of clean tap water. The experiment was organized in a 
randomized design with four replicates for the EPN treatment, and five replicates for 
the control treatment. The size of the plots was 1m2 with 1m between the plots. 
Emerging insects were sampled by photoeclectors that which were erected in the 
third week of July. 
Trials in 2004 
The preceding crop was wheat. EPN were applied using the soil surface method at 
delayed timing (in the first week of August) at three doses, low (0.1 M/m2, 0.3 M/m2), 
medium (0.5 M/m2), and high (1 M/m2). The control plots were treated with clean 
water. The experiment was organized in a randomized design with four replicates for 
the control treatment and five replicates for the EPN treatments. The plots were 1m2 
with 1 m between plots. Emerging insects were sampled by photoeclectors that were 
erected one week after application, in the second week of August.  
Trials in 2005 
The preceding crop was wheat. The hypothesis was that in absence of the plant 
cover and susceptible insects (food), EPN would survive for a shorter period than 
when food and the plant cover were available. Hence there were two different crop 
treatments. In the first, the turnip rape crop was allowed o grow normally. While in 
the second, 7 days before the EPN application, the plants were above the fourth leaf 
and the plots were treated with pyrethroid insecticides to ensure absence of insect 
pests. Thereafter, these plants were regularly cut, leaving up to 3-4 base leaves to 
assure the absence of buds and flowers. It was expected that the pests would not 
settle on the plants without buds and flowers. The goal of the plots without the plant 
cover was to test whether a cover and the lack of pest would have impact on the 
EPN persistence.  
In both crop treatments, EPN were applied using the soil surface application method 
at optimum timing (second week of July), and using the CRS method at early timing 
(third week of June). At both timings, medium (0.5 M/m2) dose was used. 
Additionally, only in the plots with the plant cover, low dose (0.1 M/m2) was tested at 
optimum timing. The experiment was organized in a randomized block design with 
four replicates and the control was treated with the equivalent volume of clean water. 
The plots were 1 m2 with 2 m between plots. Emerging insects were sampled by 
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photoeclectors that were erected in the fourth week of July.  
Trials in 2006 
During the previous year, the plot was fallowed. Two application methods were 
tested, the soil surface method at optimum timing (second week of July) and the soil 
method (CRS) at early timing (third week of June), both at medium dose (0.5 M/ m2). 
The experiment was organized in a randomized block design and the control was 
treated with the equivalent volume of clean water. The size of the plots was 2 m2 with 
2 m between plots. Emerging insects were sampled by photoeclectors that were 
erected in the fourth week of July.  
3.4.1.4 Insect sampling  
The new generation of emerging insects was sampled by photoeclector emergence 
traps, (Figure 5) that enable the sampling of a new generation adults of 
coleopterans, dipterans, lepidopterans and spiders (as in Williams et al., 2003). 
Photoeclectors were installed in every treated and control plot. Before the installation 
of the photoeclectors, the OSB plants were manually cut away from the experimental 
plots, the soil was dug in the shape and size of the photoeclector’s base, 5-10cm 
deep, and then the base was inserted.  
 
Figure 5: Photoeclector- A- round base; B- plastic top collection vessel; C- collection 
vessel lid; D- conical black material; E- iron holder; F- connection plastic tube. Photo 
by the author 
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The traps consisted of a plastic top collection vessel (B) covered with a transparent 
lid (C), and a cone of black material (D) connected to the round, open base that is 
placed on the soil (A). The cone of cloth is connected to the top collection vessel with 
a plastic tube (F) that has a rough inner wall surface to enable insects to climb into 
the collection vessel. The round base (55 cm in diameter) was connected to the 
plastic tube with an iron holder (E). The principle of this trap is based on a positive 
orientation of the emerging insects toward the light. Insects move from the soil 
toward the light, through the space of the black cone cloth to the top collection 
vessel. The collection vessels were filled with either ethyl glycol or propyl glycol to 
catch, kill, and preserve the insects until they were sampled. Top vessels containing 
emerged insects were emptied once per week for 4-6 weeks. Sampled insects were 
kept in glass pots filled with 75% alcohol until the identification and counting process. 
Photoeclectors were installed in the middle of every plot, at the end of July 
(depending on the biology of the targeted pests). Insects were sampled also in wheat 
in order to provide data on persistence, the sampling in clover was terminated due to 
destroyed photoeclectors.  
3.4.2 Persistence of EPN in the field  
Two approaches were used to study the persistence: recording the number of dead 
bait larvae that died due to one of the agents that cause death (approximated 
quantification of the agents), and recording the total mortality of bait larvae in a plot. 
Hypothetically, total mortality represented the overall intensity of the insect 
antagonists. That group also included EPN that were not able to reproduce in the 
bait larvae, due to any reason, but possibly caused death. The persistence of EPN 
was measured using the Galleria bait method.  
In Finland, the trials in OSB were a part of the efficacy experiments in 2005 and 
2006. The conditions are described in 3.4.1  
The experimental design for clover and wheat in Finland, and OSB in Germany is 
presented in Table 5. 
Table 5: Field experiment design for clover and wheat in Finland, and OSB in 
Germany 
EPN 
application Clover 2005  Wheat 2006  
OSB Germany 
2006  
Method Surface Surface Surface 
Dose Medium (0.5 M/m2)  Medium (0.5 M/m2) High (1 M/m2) 
Time Optimum Optimum Autumn 
 
The preceding crop before wheat was turnip rape. EPN was applied to the soil 
surface with watering can as described previously, when the majority of the insect 
pests would be in the soil (middle of July). The experiment was organized in a 
randomized block design and the control was treated with the equivalent volume of 
clean water. The plots were 2 m2 with 2 m between the plots. Emerging insects were 
sampled by photoeclectors to record the number of potentially EPN susceptible 
pests, and to relate the insect number to EPN persistence. 
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The preceding crop before clover was turnip rape. There were two crop treatments, 
with plant cover and without it. Clover plants were removed manually or by using a 
cutting machine. After the first cutting and application of insecticide, which ensured 
absence of pests in those plots, further cutting was conducted weekly. EPN were 
applied using the soil surface method, at a time when majority of the cover insect 
pest would be in the soil (middle of July), using the medium dose (0.5 M/m2). The 
experiment was organized in a randomized block design, with four replicates. Each 
replicate included an untreated control (only water added). The plots were 1 m2 with 
2 m between the plots.  Sampling the insects with photoeclectors was disabled due 
to vandalism resulting in the photoeclectors’ destruction, thus the number of 
susceptible pests was excluded as an explanatory variable for EPN persistence. 
In Germany, the persistence study was a part of a related study, that included also 
efficacy of  S. feltiae against Delia radicum using autumn application timing, and, in 
the case when EPN survived to the next year, also efficacy against spring and early 
summer OSB pests such as M. aeneus, Ceutorhynchus assimilis and other 
Ceutorhynchus spp. The assessment of S. feltiae efficacy to control Delia radicum 
was aimed not only at the control of this pest but also at its relationship to EPN 
persistence by recycling or overwintering in the pest. For this thesis the focus of this 
study was only persistence of EPN. 
Depending on the year and weather conditions, Delia radicum enter the soil for 
pupation from the end of October through November. Hence, spray application at 1 
M/m2 was performed in the last week of October, when plants were at the 3-leaf 
stage, using 500 l/ha of water. The experiment was organized in plots of 12 m x 15 
m in size, in a randomized block design with nine replicates, and the control was not 
treated (nothing added). Emerging insects were sampled by one photoeclector per 
plot. 
3.4.2.1 Soil sampling  
Soil samples were collected from the experimental plots in OSB, wheat and clover in 
Finland, in 2005 and 2006 before the EPN application, once per month after the EPN 
application (from August to October), and twice after the winter (when the weather 
conditions allowed). Prior to the EPN application, sampling was conducted to record 
possible naturally occurring pathogens in the experimental plots. From every plot, 3 
subsamples of 1-2 dl of soil were taken from a depth of about 15cm and 10cm 
diameter. Soil samples were shipped to the laboratory and were kept in cool storage 
(+4˚C) until processing. 
In Germany, soil samples were taken once prior to the EPN application from the 
treated plots, and monthly after the EPN application until July of the following year, 
except in January when weather conditions were not favourable. The soil samples 
from the control plots were taken in March, May, and July. From every plot, 6-12 
samples of about 0.5 kg were taken from 15-20 cm deep. Soil samples were shipped 
to Finland and were kept in cool storage (+4˚C) until processing.   
3.4.2.2 Processing the soil samples 
Each sample was thoroughly mixed and divided into three subsamples of between 
80 and 100 ml of soil, and were placed into a plastic cup (250 ml) with 5 larvae of 
either 70 mg Tenebrio molitor or last instar of Galleria mellonella. Bait larvae were 
placed on the soil and the covered cups were kept at room temperature. Samples 
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were checked every 4 days until no larvae died for two checking rounds (8 days). 
Dead larvae were replaced with live ones until no larvae were dead. This approach 
enabled recording of the total number of dead bait larvae. The mean number of 
subsamples represented the number of dead larvae for one sample. Dead larvae 
were removed, surface disinfected in 70% ethanol, rinsed in water and placed into 
moist chambers for up to one month at the room temperature. The moist chambers 
were checked every week to record the presence of EPN, and any other visible 
insect pathogens or insect antagonists. This procedure provided additional 
information on the conditions in the soil, and it was a part of a system approach of 
study, where most of the factors that seemed to be relevant for the EPN efficacy and 
persistence were recorded, and further examined. 
Emerging nematodes were identified based on their motion and the morphology of 
heat killed specimens of IJ. Diplogaster insect parasitic nematode juveniles and 
adults, which are usually present together with juveniles, were used in the 
identification. Additionally, in case EPN did not emerge in the moist chambers, the 
larvae were dissected to exclude possible presence of dead EPN or PN in a larval 
body. The numbers of dead larvae killed by EPN, PN, fungi, a combination of EPN 
and PN, EPN and fungus, PN and fungus and unknown factors were recorded. 
When nematodes were present, they were identified as parasitic or 
entomopathogenic on morphological bases. The identification keys published by 
Poinar (1977), Adams and Nguyen (2002), and Stock and Hunt (2005) were used. 
3.5 Data analyses 
Data were analysed using quantitative and graphical techniques. Quantitative 
techniques included different sets of statistical procedures offered by several 
statistical programs. 
The survey of entomopathogens in OSB fields was analyzed by using logistic models 
(Collett 200X); using Statistix 9.0 software. The effect of the systems, country and 
year on total mortality, EPN mortality and EPF mortality were characterized using 
odds ratio (OR), which is characteristic to report analysis results when binary 
responses are analyzed, and its use has been suggested in ecological studies (e.g. 
Rita and Komonen, 2008). OR is a powerful tool for ecological studies that compare 
proportions (e.g. proportion of dead among all samples). It tells how large the 
difference is between two proportions and the direction of the difference. In a case 
when the OR is equal to 1, the two proportions are equal, and the predictor variable 
has no effect on the dependent variable. In the case the OR is greater than 1, the 
predictor variable increases the odds of mortality/ system difference occurrence. 
When the OR is less than 1, a change of predictor variable decreases the 
mortality/system difference occurrence. The higher the OR is from 1, the higher the 
effect of the predictor variable is on the mortality/system difference. In most cases, 
when the OR is 2 or greater, the effect of a predictor variable is significant. 
In the vertical survey, the effect of STN and ICM systems, year and location, as well 
as the system/year/location interactions, were studied with respect to total bait 
mortality, mortality of the bait larvae caused by nematodes (EPN+PN), and mortality 
of the bait larvae caused by fungi. The proportion of positive soil samples for total 
mortality, mortality caused by nematodes (EPN+PN), and EPFs mortality samples 
were studied in the same way. The analyses were performed separately for 2003 as 
the potential effect of ICM could not yet be present, and that year represented a 
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base line for the condition in the experimental fields. Sweden had to be excluded 
from this analysis because the ICM system had already been practiced there for 
several years before 2003. UK was also excluded from the analyses in 2003, due to 
missing samples. Poland was not included in the system effect analyses in respect 
to country in 2004 and 2005, due to the missing observations in one of the systems. 
Graphical tools provided by Excel 2007 and PASW version 17 programs were 
utilised for the graphical presentation of the data. 
EPN efficacy and persistence data were analysed using generalized linear models, 
assuming Poisson distribution and a log link with R.2.9 program. The parameter 
estimates were therefore additive on the log scale (multiplicative on the original 
scale). The effect of treatments and differences among their means were considered 
significant at p <0.05. When justified, replicates were used as a random effect, while 
months, treatments and cover (only in 2005) as fixed effects. Graphical tools 
provided by R.2.9 program were utilised for the graphical presentation of the data. 
For the olfactometer data, only those EPN that made a choice toward one of the arm 
were used in analyses, using log-linear models based on the assumption that the 
nematodes would disperse equally among the arms in the absence of any attraction. 
For that statistical tool, the PASW 17 package was used. The models were adapted 
to account for possible overdispersion due to directional biases. Graphical tools 
provided by Excel 2007 and CorelDRAW x3 version 13 programs were utilised for 
the graphical presentation of the data. 
Two way analyses of variance was used for the controlled release development 
analysis, and means were separated by Tukey’s test. Associations between the 
variables were tested by regression analysis. SPSS program version 15 was used. 
Graphical tools provided by Excel 2007 and PASW version 17 programs were 
utilised for the graphical presentation of the data. 
Data from the combined application of S.feltiae and I. fumosorosea was corrected for 
control mortality (Abbott 1925), before the analysis was conducted. The type of 
interaction (synergistic, additive, or antagonistic), if any, between S. feltiae (Sf ) and 
I. fumosorosea (If) was determined using a procedure originally described by Finney 
(1964), and modified by Mc Vay et al. (1977). The expected additive proportional 
mortality ME for Sf-If combinations was calculated by ME=MN+MIf(1−MN), where MN 
and MIf are the observed proportional mortalities caused by Sf and Pf alone, 
respectively. Results from a χ2 test,  χ2=(MNIf−ME)2/ME, where MNIf is the observed 
mortality for the Sf-Pf combination, were compared to the χ2 table  value  with  1  
degree of freedom. If the calculated χ2 values exceeded the table value, there would 
be reason to suspect a non-additive effect, i.e., synergistic or antagonistic, between 
the two agents (Finney, 1964). If the differences MNIf−ME=D had a positive value, a 
significant interaction was then considered synergistic, and if D had a negative value, 
a significant interaction was considered antagonistic. The percentages of larval 
mortality for each treatment were analyzed using one way analysis of variance and 
means, and separated with Tukey’s test (SPSS 15.0). Mortality was considered 
significantly different at p< 0.05. Graphical tools provided by PASW version 17 
programs were utilised for the graphical presentation of the data. 
For the impact of I. fumosorosea on EPN recycling, median value and non-
parametric tests were used for the analyses. Graphical tools provided by PASW 
version 17 programs were utilised for the graphical presentation of the data. 
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For other factors affecting EPN efficacy and persistence, one-way analysis of 
variance was used, except for the impact of stages on EPN persistence where non-
parametric test were undertaken using SPSS 15 or PASW 17. Where that was 
necessary, data were transformed to meet the requirements for parametric testing.  
In all tests, the 0.05 significance level was used. Graphical tools provided by PASW 
17 programs were utilised for the graphical presentation of the data. 
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4 RESULTS- linking the tentative theoretical framework with 
empirical studies 
This chapter presents the main findings from the empirical study. Three methods 
were used to deepen the tentative theoretical framework: i) survey, ii) experiment 
(measurement and observation), and iii) a case study (in turnip rape). 
4.1 Occurrence of entomopathogens in oilseed rape fields 
For this study, soil samples were collected from five countries: Estonia, Germany, 
Poland, Sweden and the UK  
4.1.1 Horizontal survey of OSB fields 
The horizontal survey was conducted in 2002, and included 10-27 OSB fields from 
each partner country. 
4.1.1.1 The number of dead bait larvae (intensity) 
The average total bait larval mortality from 86 samples was 35.2%, where 0.9% 
belonged to EPN, 6.2 to EPF, 4.9% to insect parasitic nematodes and 23.3% to 
unknown biotic agent.  
The total number of bait larvae that died due to any biotic reason (K) varied 
significantly among the countries. Germany had significantly lower K value than 
Poland (p< 0.0001, df=69) and Sweden (p=0.0015, df=69) (Figure 6) but the 
differences from Estonia and UK were not statistically significant (Table 6). 
Table 6: OR values of the number of dead bait larvae for each country in contrast to 
Germany 
Country Odds ratio (OR) 
Estonia 1.26 
Poland 3.38 
Sweden 2.25 
UK 1.64 
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Figure 6: Total mortality proportions (K) in each country. Different letters above bars 
indicate statistically significant differences in mortality proportions (p<0.05).  
For kEPF, the results showed no differences among the countries in the proportion of 
dead larvae. 
The mortality caused by nematodes (kNEMA) was significantly higher in the UK 
(p=0.027, df=69) and Sweden (0.042, df=69) than in Germany (Figure 7). In the 
samples from Estonia and Poland, the proportion of kNEMA was not statistically 
significant although the odds were 3.37 and 2.53 times, respectively, higher than in 
Germany (Table 7). 
Table 7: OR values of the number of dead bait larvae killed by nematodes for each 
country in contrast to Germany 
Country Odds ratio (OR) 
Estonia 3.37 
Poland 2.53 
Sweden 8.34 
UK 10.50 
 
Soil type, the crop in rotation and the precrop were almost specific to each of the 
countries (i.e. they were confounded with the effect of country), and thus it was 
impossible to separate their effects on the occurrence of the examined agents.  
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Figure 7: Factors causing larval mortality in each country. Different letters above 
bars indicate statistically significant differences in mortality proportions (p<0.05). 
The EPN that were isolated from Germany and Poland, belong to the genus 
Steinernema. Most of the morphological characteristics of the Polish strain were as 
for the strain S. feltiae. However, the shape of the spicule differed from S. feltiae 
species, thus the strain was identified as Steinernema sp. Insect parasitic 
nematodes belonged to genus Rhabditis, Diplogaster that are also known as control 
agents (Poinar, 1972, Nguyen personal communication), and other soil nematodes 
that were not identified (Figure 8). All nematodes that were identified as insect 
parasitic nematodes were able to reproduce and/or reisolate without presence of any 
other visible biological agent. The identified EPF were Metarhizium anisopliae 
(Metschnikoff) and Isaria fumosorosea.  
71 
 
0
1
2
3
4
5
6
7
8
9
10
11
12
Estonia Germany Poland UK Sweden
D
ea
d 
 b
ai
t l
ar
va
e 
(%
)
Soil nematodes
Diplogaster
Rhabditis
EPN
 
Figure 8: Mortality caused by four groups of insect parasitic nematodes in each 
country. 
4.1.1.2 The number of positive soil samples (prevalence) 
There were no significant differences between the countries in respect to the number 
of positive soil samples for any agent (Figure 9). 
 
Figure 9: Number of positive samples in each country, for each agent. 
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4.1.2 Vertical survey of OSB experimental fields 
The analyses were performed separately for 2003, when the experimental fields 
were established, and which represented the base line information on the prevalence 
and relative intensity of entomopathogens and insect antagonists. Analyses of the 
data obtained in 2004 and 2005 represented the response of entomopathogens and 
insect antagonists on the two different system practices.  
4.1.2.1 The number of dead bait larvae 
Total mortality (K) 
In 2003, the samples from the STN system had higher K, but not significantly, than 
the samples from the ICM system, across the countries (Figure 10).  
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Figure 10: Total mortality (K) records for ICM and STN across all countries, 
characterised by the agents causing the mortality. Fungi – mortality caused by EPF; 
Nematodes - mortality caused by insect parasitic nematodes (EPN+PN); UBF - 
mortality caused by unknown biotic factor. The same letters above bars indicate no 
significant difference in mortality proportions (p>0.05). 
On an individual country basis, the STN system had significantly higher K than the 
ICM system (OR=3.70; p=0.015, df=6) in Estonia and Poland but not in Germany, 
where there was only one sample from the STN system plots and its mortality value 
was zero. Additionally, the standard error of mean was of the same size as the mean 
for the ICM system (Figure 11). 
The system x country interaction was not statistically significant indicating that 
mortality proportions did not vary between the countries in both STN and ICM 
system (Figure 11). 
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Figure 11: Total mortality (K) in ICM and STN in each country in 2003. Bars show 
estimated means with standard errors. Different letters above bars in each country 
indicate statistically significant differences between the two systems in mortality 
proportions (p<0.05). 
The average K for 2004 and 2005 in the ICM system was significantly higher, 
(p=0.0006, df=38; OR=2.4) than in the STN system (Figure 12). In both systems, the 
agent that caused the highest mortality was identified as unknown biotic agent, 
followed by inset parasitic nematodes and entomopathogenic fungi. 
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Figure 12: Total mortality (K) records for ICM and STN across all countries, 
characterised by the agents causing the mortality. Fungi – mortality caused by EPF; 
Nematodes - mortality caused by insect parasitic nematodes (EPN+PN); UBF - 
mortality caused by unknown biotic factor. Different letters above bars indicate 
significant difference in mortality proportions (p<0.05). 
The year x system interaction was significant. In 2003, the ICM system had 
significantly lower K than in 2004 (p=0.001; df=52), and 2005 (p=0.035, df=52). The 
K was not significantly different between 2005 and 2004. In the STN system, K did 
not behave significantly different in 2004 and 2005 than K in 2003. However, 2004 
had significantly lower K than 2005 (p=0.009, df=37) (Figure 13). 
The Odds ratio (Table 8) shows a large difference in odds of mortality between 2003 
and the other two years. For the STN system, OR suggests that yearly conditions 
change the effect of the systems in different ways. The different effect of a year 
depends on the system type. The climatic conditions apparently have greater impact 
on the STN system than on the ICM system, thus showing ICM to be more stable. 
Table 8: OR for total mortality (K) for both systems in each year  
System 2003 2004 2005 
STN System 2.3 1.4 3.3 
ICM System 1.4 4.3 5.9 
 
The odds ratios for the effect of different years characterizes the differences between 
the ICM system K and the STN system K. They differ substantially in different years, 
0.6, 3, and 1.8 for 2003, 2004 and 2005 respectively. 
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Figure 13: Proportion of dead larvae in ICM and STN in the experimental years. 
Lines show estimated means with standard errors. Different capital letters represent 
significant difference in the STN total mortality over years. Different small letters 
represent significant difference in the ICM total mortality over years. p<0.05 in all 
cases. 
The ICM system had significantly higher K than the STN system, in relation to 
country (OR=2.41, P= 0.0016, df=30) (Figure 14). There was no significant 
difference between the countries in mortality proportions between the STN and ICM 
system (Table 9). 
Table 9: OR values of mortality proportions between the STN and ICM system for 
county 
Country Odds ratio (OR) 
Estonia 1.45 
Sweden 1.13 
UK 1.24 
 
The system x country interaction was not statistically significant, with mortality 
always being higher in ICM than in the STN system (Figure 14). 
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Figure 14: Total mortality records (K) for ICM and STN systems in each county. 
Different letters in each country represent significant difference between the systems 
(p<0.05). Bars show estimated means with standard errors. 
Nematodes (kNEMA) 
The difference between the STN and ICM system in respect to kNEMA was not 
statistically significantly on an individual country basis. The system x country 
interaction was not statistically significant (Figure 15). 
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Figure 15: The proportion of larvae that died due to nematodes in every system in 
each country in 2003. Bars show estimated means with standard errors. The same 
letters above bars indicate no significant difference in mortality proportions (p>0.05). 
On average across 2004 and 2005, kNEMA was significantly higher (OR=2.1) in the 
ICM system than in the STN system (p= 0.0035, df= 38)  
The year x system interaction was statistically significant with the ICM system kNEMA 
showing no significant change between years, while the STN kNEMA in 2003 and 
2004 were significantly lower than in 2005 (p=0.015, df=52 and p=0.025, df=52 
respectively) (Figure 16).  
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Figure 16: Proportion of dead larvae due to nematode activity in ICM and STN 
systems in 2003-2005. Different capital letters represent significant difference in the 
STN kNEMA changes over years. Lines show estimated means with standard errors. 
Odds ratio (Table 10) show a variation in odds of mortality over years. For the STN 
system, OR suggests that yearly conditions change the effect of the systems in 
different ways. The climatic conditions apparently have greater impact on the STN 
system than on the ICM system. 
Table 10: OR for kEPN in STN and ICM systems in every year  
System 2003 2004 2005 
STN System 0.063 0.032 0.24 
ICM System 0.16 0.27 0.27  
 
The odds ratios for the effect of different years characterizes the differences between 
the ICM system kEPN and the STN system kEPN. They differ substantially in some 
years, OR= 2.7, 7.8 and 1.1 for 2003, 2004 and 2005 respectively. 
The ICM system had significantly higher kNEMA than the STN system in relation to 
country (p=0.0009, df=31, OR=2.80). The systems x country interaction was not 
statistically significant (Figure 17).  
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Figure 17: Records of kNEMA for ICM and STN systems in each county. Different 
letters in each country represent significant difference between the systems 
(p<0.05). Bars show estimated means with standard errors. 
EPN were isolated from soil samples from Sweden and Estonia, and indentified as 
Steinernema sp. Insect parasitic nematodes belong to genus Rhabditis, Diplogaster 
and other soil nematodes that were not identified (Figure 18). All nematodes that 
were identified as insect parasitic nematodes, were able to reproduce and/or 
reisolate without presence of any other visible biological agent. The identified EPF 
were Metarhizium anisopliae and Isaria farinose (Holm). 
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Figure 18: Mortality caused by four groups of insect parasitic nematodes for the ICM 
and STN system, in every year. 
Entomopathogenic fungi (kEPF) 
In 2003, on an individual country basis, the STN and ICM were not significantly 
different in respect to kEPF. The system x country interaction was not statistically 
significant indicating that mortality proportions did not vary between the countries in 
both STN and ICM system (Figure 19). 
 
Figure 19: Mortality caused by fungi (kEPF) in ICM and STN in each country in 2003. Bars 
show estimated means with standard errors.  
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The average kEPF for 2004 and 2005 in the ICM system was not significantly different 
than in the STN system, however, the result was close to the significance level (p= 
0.07, df=38, OR=1.6). 
On an individual country basis, the STN and ICM were not significantly different in 
respect to kEPF. The system x country interaction was not statistically significant 
(Figure 20). 
 
Figure 20: Records of kEPF for ICM and STN systems in each county. Bars show 
estimated means with standard errors. 
The system x year interaction was not significant (Figure 21) although there was a 
large increase in mortality in the ICM system from 2003 to 2004, when the biggest 
difference between systems in kEPF was found. 
Table 11: OR for kEPF for ICM and STN systems in every year  
System 2003 2004 2005 
STN System 0.072 0.18 0.18 
ICM System 0.11 0.32 0.28  
 
The Odds ratio (Table 11) shows variation between years in both systems. The 
climatic conditions seems not to have significantly different impact on the STN and 
ICM system. 
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The odds ratios for the effect of different years do not show differences between the 
ICM system kEPF and the STN system kEPF. They do not differ in different years, 1.5, 
1.8 and 1.5 for 2003, 2004 and 2005 respectively. 
 
Figure 21: Proportion of dead larvae in ICM and STN in the experimental years. 
Lines show estimated means with standard errors. 
4.1.2.2 The number of positive soil samples 
In 2003, the number of positive soil samples for K in 2003 was 90% in both systems. 
The agent that caused the higher mortality was identified as biotic followed by 
entomopathogenic fungi and parasitic nematodes. The STN and ICM system were 
not significantly different in respect to the number of K, kEPN and kEPF positive 
samples. 
In 2004/2005, the number of positive soil samples for K in both systems was 100%. 
The agent that caused the higher mortality was identified as biotic in both systems, 
followed by entomopathogenic fungi and nematodes. The systems were not 
significantly different in respect to the number of K, kNEMA and kEPF positive samples 
in relation to year and country. 
The system x year, system x country, and system x country x year interactions were 
not significant. The difference between systems in the number of nematode-positive 
samples was lower in 2005, with STN system having 5% more positive samples than 
the ICM system. The number of positive samples in the STN system increased by 
45% from 2004 to 2005, while the mortality in the ICM system increased by 10%. 
The percentage of EPF-positive samples in the ICM system was slightly higher in 
2004/2005 than in 2003, while in the STN system, a slight decrease was observed. 
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4.2 Inundation and inoculation of Steinernema feltiae  
4.2.1 Potential of EPN to control Meligethes aeneus 
In 2003, the effect of the S. feltiae soil surface application with watering can at early 
timing had no statistically significant effect on the abundance of the new generation 
emerging adultsof M. aeneus and Phyllotreta spp. (Figure 22).  
 
 
Figure 22: Effect of the medium dose S. feltiae on the M. aeneus and Phyllotreta 
spp. abundance applied at early timing in 2003. Points show raw data from 4-5 
replicates. 
In 2004, the effect of the dose was statistically significant for both M. aeneus and 
Phyllotreta spp. The dose of 0.1 M/m2 decreased M. aeneus population by 81%, 0.3 
M/m2 by 78%, 0.5 M/m2 by 90% and 1 M/m2 by 97%. Phyllotreta spp. population was 
decreased by 37% with dose of 0.1 M/m2,  36% with 0.3 M/m2, 37% with 0.5 M/m2, 
and 71% with 1 M/m2 (Figure 23). 
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Figure 23: Effect of the dose of S. feltiae applied at delayed timing on M. aeneus and 
Phyllotreta spp. abundance in 2004. Lines show estimated means, with standard 
errors. Observed values of zero were set to 0.5 for the plot. Doses have been jittered 
(i.e. a small amount added to the actual dose) to separate the data. 
The model showed that an increase in the dose from 0 M to 1 changes the 
abundance by e-4.2 times, to 1.5% of the control abundance. The model suggested 
that the abundance of the new generation emerging adults of M. aeneus would 
decrease by about 34% if the dose were increased by 0.1 M (Table 12), and for 
Phyllotreta spp. by about 9%. 
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Table 12- Modelled effect of the dose on M. aeneus abundance when S. feltiae was 
applied at delayed timing using soil surface method 
Dose 
(M/m2) 
Fictive number of 
individuals* % reduction** 
0.0 1000 0.0 
0.1 657 34.3 
0.2 432 56.8 
0.3 284 71.6 
0.4 186 81.4 
0.5 123 87.8 
0.6 81 92.0 
0.7 53 94.7 
0.8 35 96.5 
0.9 23 97.7 
1.0 15 98.5 
*Calculated using the equation: 1000 x exp(-4.2xDose)  
** Calculated using the equation: 100 x (1-exp(-4.2xDose)) 
 
In 2005, plant cover and the treatments showed no significant effect on the 
abundance of the pests as the error variance was large. Plant cover reduced pest 
abundance by 40% (SE= 28%). Early application time using the CRS method with 
the dose of 0.5M/m2 decreased M. aeneus population by 30%, and Phyllotreta spp. 
population by 28%. Optimum application time with surface application method and 
the dose of 0.5 M/m2 decreased M. aeneus population by 10% while it had no effect 
on Phyllotreta spp. population, and the dose of 0.1 M/m2 resulted in a similar or 
higher abundance of the insects in the treated plots than in the control plots (data not 
presented). For M. aeneus, the difference between the control treatment and the 
CRS method was -0.37 (SE= 0.28). 
In the experiment without the plant cover, M. aeneus individuals did not emerge from 
any of the plots, as the insecticide treatment prior to the EPN application combined 
with regularly cutting the plants eliminated them. The number of emerging individuals 
in the plots without the plant cover (Phyllotreta spp.) was 33% higher than in the 
plots with the plant cover (Phyllotreta spp.+ M. aeneus), showing that regular 
removal of the plant cover and presence of young plant parts resulted in an 
increased attraction of Phyllotreta spp. 
Early application time using the CRS method with the dose of 0.5 M/m2 lowered 
Phyllotreta spp. population by 29%. Optimum application time with the surface 
application method and dose of 0.5 M/m2 lowered the population by 8%. The 
difference in emerged numbers of Phyllotreta spp. between the CRS method and 
control plots approached significance (p=0.06), as the CRS method had an effect of -
0.3, SE= 0.16 (Figure 24). 
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Figure 24: Effect of plant cover along with surface and CRS application method on 
the abundance of M. aeneus and Phyllotreta spp. in 2005. Lines show estimated 
means of insect abundance, with standard errors.  Doses have been jittered (i.e. a 
small amount added to the actual dose) to separate the data. 
In 2006, the M. aeneus abundance was lower in the plots where EPN were applied 
using CRS application method, than in the plots where the surface application 
method was used, or in the control plots (33% and 38% respectively). Phyllotreta 
spp. abundance was 42% lower in the CRS method plots than in the control plots. 
The effect of the CRS application method was 0.48 (SE= 0.14) for M. aeneus, and -
0.54 (SE= 0.19) for Phyllotreta spp. in contrast to the control plots (p<0.005 in both 
cases). The CRS application method plots had significantly lower abundance than 
the surface application method plots (effect: 0.44, SE= 0.14, p=0.002). 
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There was no significant difference in the M. aeneus (effect: -0.05, SE=0.12) and 
Phyllotreta spp. abundance (effect: -0.30, SE= 0.17, p=0.08) between the soil 
surface and control plots. In the plots where surface application was used, the 
abundance of M. aeneus and Phyllotreta spp. was 5% and 26% respectively lower 
than in the control plots (Figure 25). 
 
Figure 25: Effect of the soil surface and CRS application method on the abundance 
of M. aeneus and Phyllotreta spp. in 2006. Lines show estimated means for the 
abundance of insects in 2006, with standard errors.  Doses have been jittered (i.e. a 
small amount added to the actual dose) to separate the data. 
4.2.2 Potential of EPN to control pests in wheat 
The sampled insects belonged to the orders Coleoptera, Diptera and Homoptera. 
The overall mean number of the new generation emerging insects in the control plots 
was low (59 individuals). Species used in the statistical analyses were Phyllotreta 
spp. and another coleopteran species.  
The population of Phyllotreta spp. and the other coleopteran species was 15% and 
10% respectively lower in the treated than in the control plots (Figure 26), but these 
differences were not significant. The number of individuals of the other sampled 
insects was very low (on average 9 individuals in control plots) and thus not used in 
statistical analyses. The total number of emerging insects from the treated plots was 
16% lower than from the untreated plots, but not significantly different. 
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Figure 26: Effect of the medium dose (0.5 M/m2) of S. feltiae on the abundance of 
insects in wheat in 2006. Lines show estimated means with standard errors. Doses 
have been jittered (i.e. a small amount added to the actual dose) to separate the 
data. 
4.2.3 Comparisons across years 
The final model  was: Year * (Species + Treatment + Dose). 
Data from the OSB experiments in Finland from 2003-2006 were combined. The 
important effects left in the model were the application method effect and the dose 
by year interaction. The application method effect shows that CRS application 
method provided a higher decrease of the insect individuals, with an effect of -0.20 
[(95% CI (-0.38, -0.02))], a reduction of about 19% more than the surface application 
method (Figure 27). 
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Figure 27: Effect of the interaction between the dose and years on the abundance of 
insects in OSB. 
The significant dose by year interaction demonstrated variation in efficacy. The 
individual year effects, showing the reductions in 2004 and 2006, and an increase in 
2005 are presented in Figure 28. 
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Figure 28: The effect of dose by year interaction on the abundance of M. aeneus and 
Phyllotreta spp. in OSB. Lines represent 95% confidence intervals. 
The results suggested either (1) there is a non-linear effect of the dose, with 0 to 0.1 
M/m2 having the largest effect (i.e. the change from 0 to 0.1M/m2 is bigger than the 
change from 0.1M/m2 to 0.2M/m2), or (2) there was a difference in the way the 
control and treatment plots were treated. Because the control and treated plots were 
equally treated, the results suggest that the dose had a non-linear effect on the 
insect population. The abundance of the new emerging insects decreases by dose 
but the amount by which it decreases changes. It seems that a small dose affects 
the highest proportion of insects but increasing the dose beyond that affects fewer 
insects. 
4.3 Development of a controlled release system for EPN application 
The concept consisted of three sub experiments. In the first sub experiment, the 
results showed which formulation is the most suitable for the biodegradable packing 
(biodegradable prototype capsules). Second sub experiment answered whether 
there is an effect of the OSB plant on the EPN emergence from the controlled 
release system (CRS). The third sub experiment recorded the EPN dynamics, 
survival, and infectivity. 
4.3.1 Choosing a formulation for the prototype biodegradable capsules 
(controlled release system) 
The number of dead bait larval was affected by the time (F=784, df=2, 18, p<0.001), 
formulation (F=42, df=2, 18, p<0.001 and their interaction (F=57, df=4, 18, p<0.001). 
After seven days, all bait larvae were alive in all treatments. By day 14, mortality of 
bait larvae caused EPN formulated in the small-granule gel was significantly lower 
(33%) than the large-granule gel (100%) or vermiculite (100%) (p<0.001 in both 
cases). There was no significant difference among treatments on day 21 (Figure 29). 
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Figure 29: The percentage of dead bait larvae on day 7, day 14th and day 21 day by 
using the three different formulations. Bars show estimated means with standard 
errors. Different letters for each day represent significant difference between the 
treatments (p<0.05). 
The number of EPN in the capsules, after one month, was significantly affected by 
the treatments (F=41.8, df=2, 6, p<0.001). The capsules filled with EPN formulated in 
the small- granule gel contained significantly more remaining EPN (50%) than the 
large-granule gel (20%) and vermiculite (10%) treatments (p<0.002 in both cases) 
(Figure 30). 
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Figure 30: The proportion of bait larvae that EPN remaining in capsules were able to 
kill after one month. Bars show estimated means with standard errors. Different 
letters represent significant difference between the treatments (p<0.05). 
The number of dead bait larvae was affected by time (F=169.7, df=2, p<0.001), 
treatment (F=12.3, df=1, p=0.004). By day 14, the treatment with the OSB plant had 
significantly higher bait larval mortality (83%) than the treatment without the OSB 
plant (34%, p<0.001). There was no significant difference among the treatments on 
the day 21 (Figure 31). 
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Figure 31: Impact of OSB plant presence on EPN emergence from CRS. Bars show 
estimated means with standard errors. Different letters for each day represent 
significant difference between the treatments (p<0.05). 
EPN that were extracted from CRS after one month, from both treatment, remained 
infective and killed the bait larvae. The proportion of dead larvae was not significantly 
different between the two treatment (Figure 32). 
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Figure 32: Proportion of EPN remaining in capsules after one month with and without 
OSB. Bars show estimated means with standard errors. The same letters above bars 
indicate no significant difference in proportions of EPN in capsules (p>0.05). 
4.3.2 EPN dynamics and infectivity in CRS 
The EPN remained alive and infective in the capsules during the experimental period 
of 35 days and possibly longer than 35 days. Nematodes emerged gradually and 
showed different dynamic patterns in respect to the time after application. The period 
of 35 days was separated into two intervals in which the main changes occurred. In 
the first interval, day 1 to day 14 after the application of CRS into the pots of soil, the 
numbers of dead bait larvae declined slightly. There was no significant difference of 
the number of dead bait larvae among days within the first group (F=1.87, df=6, 14, 
p=0.157). during the second interval from day 15 to day 35, the nematodes emerged, 
with the greatest emergence from day 2 to day 27. Approximately 25% of EPN 
emerged by day 14, 50% by day 20, 75% by day 30 and 83% by day 35 (Figure 33). 
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Figure 33: Emergence pattern of EPN from capsules during the 35 days. Estimates 
are made on day 1 (1), from day 7 (2) to day 28 (21) in two-day intervals, on day 30 
(22), and 35 (23). Bars show estimated means with standard errors. 
The number of days after the application the formulated EPN, which were replaced 
from a capsule to a Petri dish, caused mortality of the bait larvae, depended on the 
time after application (regression: B= -0.305, p<0.001) and EPN number in a capsule 
(regression: B= -0.085, p=0.01). The standardized regression coefficient (Beta 
coefficient) showed that the time after application was more relevant (-0.687) for the 
duration of mortality than number of EPN in capsules (0.246). the length of time in 
which mortality occurred was longer when the time after application was shorter and 
the number of EPN higher (Figure 34). The model described 81% of the total 
variance. 
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Figure 34: Association between the time in which EPN caused mortality of the bait 
larvae, days after application, and the number of EPN in CRS. 
4.3.3 Testing the infectivity and number of emerged EPN from CRS to the soil 
EPN remained infective after they emerged from the CRS to the soil. Mortality did 
not occur on days 0 and 7. The 35th day had a significantly higher mortality than the 
28th day (p=0.001), 14th, and 21th day (p<0.001 in both cases) (Figure 35). 
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Figure 35: Number of larvae that were killed by EPN that emerged from CRS 
capsule after they were removed from the soil on day 0, 7, 14, 21, 28, or 35. Bars 
show estimated means with standard errors. Different letters represent significant 
difference between the days (p<0.05). 
The total number of dead bait larvae by day 35 was 51, 63% higher (F=175.01, df=1, 
4, p<0.001) than when EPN are applied in the soil simultaneously whit the total EPN 
dose (5000).   
The number of dead larvae from the CRS capsules and from the soil had a 
significantly negative (B= -0.68) linear relationship (r2=0.836, p<0.001). The result 
suggests that higher mortality of the bait larvae in the soil is caused by the higher 
number of emerged EPN from the capsules to the soil (Figure 36). 
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Figure 36: Association between the numbers of dead bait larvae in the soil and the 
number of larvae that were killed by EPN discarded from CRS capsules. Numbers 
associated with the data points represent experimental days. 
On day one, 100% of EPN were in the capsule, and 0% of EPN emerged. Figure 37 
shows the percentage of EPN in a capsule, percentage of emerged EPN from a 
capsule, and mortality percentage (percentage of bait larvae that were killed by 
emerged EPN). During the experimental period 82% of emerged EPN killed 51 
larvae. 
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Figure 37: Relative proportion of EPN emerged from CRS to the soil, remaining in 
CRS, and in the soil. Estimates are made on day 7 (1), day 14 (2), day 28 (3), day 21 
(4), day 28 (5) and day 35 (6). 
4.3.4 Determining the number of bait larvae that 5000 EPN are able to kill in 
four different media 
The number of bait larvae that initial number of EPN, 5000 (0.5 M/m2), was able to 
kill in four different media when EPN are applied simultaneously is presented in 
Figure 38, and the variation was significant (F=13.52, df=3, 8, p=0.002) that 5000 of 
EPN killed. The highest mortality occurred in the gel (38) followed by moist filter 
paper (28). Gel medium had significantly higher mortality than clay (p=0.001) and 
sand medium (p=0.008). Moist filter paper medium was close to the significance 
level with the clay medium (p=0.058). 
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Figure 38: Number of bait larvae that 5000 EPN were able to kill in four different media. Bars 
show estimated means with standard errors. Different letters represent significant difference 
between the media (p<0.05). 
The longest duration of causing mortality was in the case of clay (20 days) followed 
by sand (19 days), gel (15) and moist filter paper (11), and the variation was 
significant (F=17.78, df=3, 8, p=0.001) (Figure 39).  
 
Figure 39: Time (days) in which EPN cause mortality of the bait larvae (in days). Bars show 
estimated means with standard errors. Different letters represent significant difference 
between the days (p<0.05). 
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4.4 Impact of selected biotic and abiotic factors on EPN efficacy 
Some factors of the OSB systems that were observed to interfere with EPN, or to 
affect EPN efficacy during this study, were studied in more detail under laboratory 
and greenhouse conditions.  
4.4.1 Interaction of S. feltiae and I. fumosorosea in controlling M. aeneus 
In the flower application, the presence of pollen, EPN and the fungus resulted in the 
formation of a glue-like mass that was evident during microscopic observation. The 
glue-like mass stuck to larval body reducing its ability to escape from EPN, and 
causing it to lose fitness within two hours.  
In the I. fumosorosea treatment, the mortality occurred on the second day when it 
reached its maximum. S. feltiae caused mortality after one day and reached the 
maximum on the second day. The combination of S. feltiae and I. fumosorosea 
caused mortality on the first day when it reached its maximum (Figure 40).  
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The cumulative mortality differed significantly among the treatments. After four days, 
the S. feltiae and S. feltiae-If combination treatment had significantly higher mortality 
than the I. fumosorosea treatment (P<0.002 in both cases). The control treatment 
had significantly lower mortality than all other treatments (P<0.012 in all cases). On 
the first day, the S. feltiae-If combination had significantly higher mortality than all 
other treatments (P<0.001 in all cases) and their interaction was synergistic at the 
0.1 critical level (χ2= 2.76, p= 0.1, D=59) (Figure 41).  
Figure 40: Mortality of M. aeneus larvae during the four days in four different 
treatments: I. fumosorosea, S. feltiae, simultaneous application of S. feltiae and I. 
fumosorosea, and control. 
102 
 
0
20
40
60
80
100
120
day 1* day 2 day 3 day 4
De
ad
 b
ai
t l
ar
va
e 
(%
)
I. fumosorosea
S. feltiae
S.f .+P.f.
Control
 
Figure 41: Uncorrected cumulative mortality M. aeneus larvae caused by four 
different treatments during the four days in flowers. Asterisk represents synergistic 
reaction between Isaria fumosorosea and S. feltiae (p=0.01). 
In the sand, EPN remained at the top of the sand in the Petri dishes during the first two 
days, and moved downwards in the following days.  M. aeneus larvae moved laterally 
in Petri dishes, and very few were at the bottom. On the final (fifth and the sixth day) 
days, the larvae remained in the upper level, unlike the EPN. Larvae could easily avoid 
nematodes among sand particles that combed off the EPN as the larvae moved 
through the medium. 
In the I. fumosorosea treatment, the mortality occurred on the third day and reached 
the maximum on the fourth day. The nematode treatment caused mortality after four 
days and reached its maximum on the sixth day. The S. feltiae-If combination caused 
mortality (Figure 42) on the third day and reached its maximum on the fourth day 
(Figure 43).  
 
Figure 42: Larva of M. aeneus, infected by S. feltiae and I. fumosorosea 
(simultaneously applied). Photo by Alan Klanac. 
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Figure 43: Mortality of M. aeneus larvae during the six days in four different 
treatments: I. fumosorosea, S. feltiae, simultaneous application of S. feltiae and I. 
fumosorosea, and control. 
The cumulative mortality was significantly affected by the treatments. After six days 
the highest mortality was in the case of S. feltiae-If combination treatment, which 
was significantly different from the I. fumosorosea treatment (P=0.002). S. feltiae-If 
combination treatment had always the highest mortality, and on days 4 and 5 the 
difference from the I. fumosorosea treatment was significant. S. feltiae and S. feltiae-
If combination were significantly different only on the third day. Mortality was 
significantly lower in the control treatment than in all other treatments (P<0.001 from 
days 5 to 6). The interaction between S. feltiae and I. fumosorosea had an additive 
affect on day 3 (χ2= 0.04 p= 0.05) and day 4 (χ2= 0.05 p= 0.05) and  no effects on 
day 5 and 6 (Figure 44) 
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Figure 44: Uncorrected mortality of M. aeneus larvae caused by I. fumosorosea, S. 
feltiae, both, or neither, during 6 days in the sand. Asterisk represent an additive 
effect (p<0.05). 
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4.4.2 OSB plant, fertilizers and insects 
4.4.2.1 Oilseed Brassica plant and fertilizer impact on S. feltiae efficacy 
S. feltiae efficacy was affected by treatments (F=31,665, df=5, 30, p<0.001). In 
general, the lowest bait larval mortality was in treatments containing a Brassica plant 
either alone or in combination with fertilizers (plant+ organic fertilizer 52%, plant+ 
synthetic fertilizer 44% and plant only 55%), followed by slightly higher mortality in 
the treatments with fertilizers alone (organic fertilizer 61% and synthetic fertilizer 
66%) (Figure 45). The highest  mortality (100%) was in the positive control and was 
significantly higher than that in all other treatments (p<0.001). The difference 
between the synthetic fertilizer treatemtn and the plant synthetic fertilizer treatemtn 
was significant, while all other comparisons between fertilizer alone and plat plant + 
fertilizer were not.  
 
 
 
Figure 45: Larval mortality in six different treatments. In each case, except in the 
control treatment (C), EPN had to cross either rhizosphere (P), organic fertilizer 
(OF), synthetic fertilizer (SF) or the combination of plant and fertilizer (P+OF; P+SF) 
zone. Bars show estimated means with standard errors. Different letters represent 
significant difference between the treatments (p<0.05). 
4.4.2.2 Olfactometer experiments 
In the olfactometer A, most of EPN, 86%, were active and moved from the centre 
(1.25 cm from the application point). Sixteen percent of EPN made choices toward 
one of the arms, while 69% showed no significant preference for any of the arms and 
were spread elsewhere in the central chamber, between 1.25 cm and 4.25 cm from 
the application point and 15% of the nematodes remained in the centre (Figure 46). 
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Figure 46: Olfactometer A: 1- application point, 2-center sampling area (diameter 
2.5cm from the application point) containing 15% of the applied EPN; 3- unsampled 
area of the central chamber containing 69% of applied EPN; P- attached pot with 
plant; L- attached pot with bait larva; C- attached control pot; PL- attached pot with 
plant+bait larva; PF- attached pot with plant+fertilizer; PFL- attached pot with 
plant+fertilizer+bait larva. 
The highest EPN density was in the centre, followed by unsampled area and 
different treatments. The lowest density was in the control arm (Table 13). 
Table 13: Density of EPN in the olfactometer A 
Part of the system Volume of sand EPN proportion EPN density 
Centre 20cm³- 5% 15.0% 36 EPN/cm³ 
Plant 25 cm³- 7% 2.5% 5 EPN/cm³ 
G. mellonella larva 25cm³- 7% 0.9% 2 EPN/cm³ 
Control 25cm³- 7% 0.5% 1 EPN/cm³ 
Plant+ larva 25cm³- 7% 2.7% 5 EPN/cm³ 
Plant+fertilizer 25cm³- 7% 5.0% 10 EPN/cm³ 
Plant+fertilizer+larva 25cm³- 7% 4.7% 9 EPN/cm³ 
Unsampled area 207cm³- 55% 69.0% 17 EPN/cm³ 
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The olfactometer arms attached to the plant+fertilizer and plant+larva+fertilizer pot 
were chosen significantly more often than the arms attached to the plant, 
plant+larva, G. mellonella larva and control pot (p< 0.01 in all cases). The lowest 
number of EPN was attracted to the arm connected to the G. mellonella larva and 
control pot (Figure 47). 
 
Figure 47: Distribution of EPN that made a choice toward arms in the olfactometer A. 
P- attached pot with plant; L- attached pot with bait larva; C- attached control pot; 
PL- attached pot with plant+bait larva; PF- attached pot with plant+fertilizer; PFL- 
attached pot with plant+fertilizer+bait larva. Bars show estimated means with 
standard errors. Different letters represent significant difference between the 
treatments (p<0.05). 
In the B olfactometer, most of the EPN, 82%, were active and moved from the centre 
(distance of 1.25 cm from the application point). One of the arms was chosen by 15 
% of EPN while 67% showed no preference for any of the arms, and were spread 
elsewhere in the central chamber between 1.25 cm and 4.25 cm from the application 
point, and  18% remained  in the centre (Figure 48). 
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Figure 48:  Olfactometer B: 1- application point, 2-center sampling area (diameter 
2.5cm from the application point) containing 18% of the applied EPN; 3- unsampled 
area of the central chamber containing 69% of applied EPN; P- attached pot with 
plant; L- attached pot with bait larva; C- attached control pot; Pinf+M.a.- attached pot 
with infected flowers with M. aeneus + M. aeneus in the pot; Pinf- attached pot with 
infected flowers with M. aeneus; M.a.- attached pot with M. aeneus larva. 
The highest EPN density was in the centre, followed by the unsampled area and 
different treatments, while the lowest density was in the control arm (Table 14). 
Table 14: Density of EPN in the olfactometer B 
Part of the system Volume of sand EPN proportion EPN density 
Centre 20cm³- 5% 18.0% 45 EPN/cm³ 
Plant 25cm³- 7% 3.5% 7 EPN/cm³ 
G. mellonella larva 25cm³- 7% 1.0% 2 EPN/cm³ 
Control 25cm³- 7% 0.6% 1 EPN/cm³ 
Infected plant 25cm³- 7% 4.0% 8 EPN/cm³ 
Infected 
plant+M.aeneus 
25cm³- 7% 5.5% 11 EPN/cm³ 
M.aeneus larvae 25cm³- 7% 0.7% 1 EPN/cm³ 
Unsampled area 207cm³- 55% 69.0% 16 EPN/cm³ 
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Those olfactometer arms attached to plant, infected plant and infected plant+M. 
aeneus pots were chosen significantly more often than arms attached to G. 
mellonella larva, M. aeneus larvae and the control pot (p< 0.001 in all cases). The 
lowest number of EPN was attracted to the arm connected to the control, M. aeneus 
larvae and to G. mellonella pot (Figure 49). 
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Figure 49: Distribution of EPN that made a choice toward arms in the olfactometer B. 
P- attached pot with plant; L- attached pot with bait larva; C- attached control pot; 
PL- attached pot with plant+bait larva; PF- attached pot with plant+fertilizer; PFL- 
attached pot with plant+fertilizer+bait larva. Bars show estimated means with 
standard errors. Different letters represent significant difference between the 
treatments (p<0.05). 
4.4.3 M. aeneus stages  
The experiments were conducted to examine possible susceptibility and efficacy of 
EPN on larvae, pupae, and adults of M. aeneus. 
4.4.3.1 Adult stage 
Microscopic observation indicated that pollen formed a glue-like mass that enable 
easier penetration by nematodes (Figure 50 and 51). During the first hour after the 
application of EPN, a minority of adult beetles were still exploring the environment 
while the majority moved over flowers. All adults were trapped in the mass within an 
hour. At the beginning, their activity was primarily cleaning the body with their legs. 
When the EPN started to attack more aggressively, beetles protected themselves by 
biting EPN, and occasionally also using their legs to remove EPN from the 
abdominal region. After five hours, the protective behaviour stopped.  
109 
 
 
Figure 50: Pilot experiment- application of EPN on adults in flowers. Photo by the 
author. 
EPN successfully moved in the mass and acted aggressively when they started to 
attack the beetles. Mostly they attacked in the mouth area, apparently trying to reach 
the middle of the mandible area while the mandibles were open, before the next bite 
of a beetle, and this behaviour was consistent with an attempt to enter trough the 
mouth area. During the aggressive attack on the beetles, EPN also performed 
jumping behaviour, where they lift inferior part of the body and rapidly bend forward 
as if they would sting into the inset’s mandible. Some EPN explored around the body 
of a beetle, touching the body parts, but were not as aggressive and persistent as in 
the mouth area. The more the beetles struggled the more actively EPN attempted to 
reach the mouth area. When the activity of the beetles diminished, and they moved 
their legs or mandibles only once per, EPN activity also became calmer but they 
continued with their attempt to enter the host. EPN usually attacked in small groups 
of 5-10 and sometimes individually. Other EPN remained at some distance from the 
beetles. After an EPN was damaged by a beetle, another  EPN occupied the beetle’s 
middle mouth area. After the beetles significantly reduced their activity, EPN 
explored further around their body.  
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Figure 51: Pilot experiment- application of EPN on adults in flowers - formation of the 
glue-like mass. Photo by the author. 
The first beetle was dead after 10 h, while the mortality peak occurred after 24 hours 
when 82% of the adults were dead, and within 72h, 98% of the insects were dead. 
The number of dead individuals in treatment were significantly different from the 
control on every day (P<0.002 in all cases), except at 10 h record, when only one 
adult was dead (Figure 52). 
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Figure 52: Cumulative mortality of M. aeneus adults in flower treatment with S. feltiae 
or control flowers without S. feltiae measured after 10h (1), 24h (2), 48h (3), and 72h 
(4) after the application. 
4.4.3.2 Pupal stage 
It was microscopically observed that pupae reacted to the EPN invasion by strong 
short movements of the whole body, and additionally, often jumping by first lifting the 
tail of the body and then the head part. A pupa could change its position up to 5 mm 
by jumping when placed in a Petri dish lined with filter paper. The moving and 
jumping performance terminated after 24 h. EPN moved vigorously when pupae 
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moved and jumped, but moved more slowly in an apparent attempt to enter the 
pupae when pupae no longer moved (or were dead). Some EPN explored the whole 
body of pupae, while most were concentrated in the thoracic, meso and metanotum 
areas where they could penetrate under the femur or wing sheaths.  
Pupae were susceptible to EPN and first individuals were dead after 24 h. The 
majority died within 2 days (93%), which was also the mortality peak, and after three 
days 100% of pupae were dead. Treatment and control were significantly different on 
the second (p=0.018), third and fourth day (p<0.001 in both cases). Mortality did not 
occur on the first day in both control and EPN treatment (Figure 53). 
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Figure 53: Cumulative mortality of M. aeneus pupae in flower treatment with S. 
feltiae or control flowers without S. feltiae measured after 12h (1), 24h (2), 48h (3), 
and 72h (4) after the application. 
4.4.3.3 Larval stage 
During the observation period, larvae were constantly active in apparent attempts to 
avoid EPN, and no sign of loss of vigour was evident. Larvae easily brushed away 
EPN from their body, by passing between the sand particles. EPN needed more time 
to reach the larvae and to lower their activity in comparison to the adults and pupae. 
The apparent aggressiveness of the EPN attacking adults and pupae was absent in 
attack of larvae. The first record of larval mortality was after 3 days and it reached its 
maximum the fourth day. A significantly higher number of dead larvae in the 
treatment was on the 4th, 5th (p=0.0014 in both cases), and 6th day (p<0.001) than 
in the control (Figure 54). 
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Figure 54: Cumulative mortality of M. aeneus larvae in sand treatment with S. feltiae 
or control without S. feltiae during the experimental time over 6 days. 
4.5 Persistence 
The aim of this experiment was to study EPN persistence in different crop rotation 
schemes and factor affecting it.  
4.6 Trials in OSB and crops in rotation in Finland 
The total mortality (total number of dead bait larvae died due to any reason; K) and 
EPN mortality (number of dead bait larvae died due to EPN; kEPN) in the 2005 
experiment are plotted in Figure 55. 
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In both experimental setups, with and without plant cover, EPN were recovered in 
the period from August to October 2005. In the sampling after winter, in May 2006, 
none of the bait larvae died due to EPN. EPN were not present in the control plots. 
From both treated and control plots, a naturally occurring fungus, I. fumosorosea, 
and an insect parasitic nematode from the family Rhabditidae were recovered from 
bait G. mellonella larvae. Some of the dead bait larvae hosted a mixture of the 
agents: EPN and I. fumosorosea, EPN and the parasitic nematode (PN), PN and I. 
fumosorosea. PN were used in several rounds to reinfect G. mellonella larvae to 
verify their ability to kill bait larvae. Storage of the PN was possible in pots containing 
sterile soil, the NemaLifeTM gel, and in Petri dishes in infected cadavers, but they 
died when stored in flasks containing water. In May, unlike EPN, I. fumosorosea and 
the parasitic nematode were present in the soil samples but in low numbers.  
Figure 55: Total mortality and mortality due to EPN on OSB in 2005 following CRS 
and surface application. A graph-with the plant cover, B graph- without the plant 
cover. Bars show estimated means with standard errors. 
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For both K and kEPN cover did not significantly affect the number of dead larvae or 
the duration of EPN persistence. In the CRS plots, kEPN was higher on every 
sampling date than in the surface application plots. A particular month did not 
significantly affected the kEPN or EPN persistence (Figure 56).  
 
Figure 56: Effect of surface and CRS application method on activity/incidence of 
antagonists. Final fitted model for K, with only the main effects in the model.  Fitted 
model with data points and standard errors. Data (log transformed, log(0) set to 
log(0.5)). Points are jittered in order to be easier to see. 
The K value slightly differed from month to month, and on average, it was 24% lower 
in the surface application plots and 50% lower in the control plots than in the CRS 
plots. The variation between replicates was large, which overshadowed possible 
effects of month and cover and their interaction in the statistical analysis. Average K 
from August to October in the control plots was 60%, in the CRS plots 90% and in 
the spray plots 71% higher than in the May sampling.  
Control plots had significantly lower K than CRS plots, but since there was 
treatments x month, interaction between, the comparison of the main effect has no 
validity. The control-surface application comparison was close to the usual threshold 
of significance (X2 = 3.61, 1 df, p=0.058). CRS and surface application plots were not 
statistically different.  
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CRS treatment had 3.5 times higher kEPN than the surface application method (95% 
confidence interval 2.1 -  6.3, p<10-5) (Figure 57). 
The EPN population in 2006 was recovered in the period from August to October. 
After winter, in April 2007, no EPN population was recovered. Depending on the time 
after application, kEPN varied slightly, although there was no significantly affect of the 
month in either K or kEPN. However, kEPN in plots with CRS application method was 
higher on every sampling date. The results for K and kEPN in 2006 are plotted in 
Figure 58. 
Figure 57: Effect of surface and CRS application method on activity/incidence 
of antagonists. Final fitted model for kEPN, with only the main effects in the 
model.  Data (log transformed, log(0) set to log(0.5)). Points are jittered to be 
easier to see. 
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K value differed slightly from month to month, and on average, it was 19% lower in 
the spray plots, and 38% in the control plots than in the CRS plots. The difference 
between treatments was smaller than one standard deviation in the differences. This 
variation obscured possible effects of month and interaction of the application 
methods and month. 
EPN mortality (kEPN) showed significant differences between the CRS method and 
both the control (estimate=2.04, SE=0.55, p<0.01)  and surface method (SE=0.42, 
p=0.03) (Figure 59). The kEPN of the surface method was not significantly different 
(estimate= 0.81, SE=0.63, p=0.20) from that of the control.  
Figure 58: Total mortality and mortality due to EPN on OSB in 2006 following CRS 
and surface application. Bars show estimated means with standard errors. 
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Figure 59: Effect on surface and CRS application method on EPN persistence. Final 
fitted model for kEPN, main effects only in model. Data (log transformed, log(0) set to 
log(0.5)). Points are jittered to be easier to see. 
4.6.1 Red clover trial in Finland 
The number of dead bait larvae due to any reason (K) and the number of dead bait 
larvae due to EPN (kEPN) are plotted in Figure 60. 
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Figure 60: Total mortality and mortality due to EPN on clover in 2005 following CRS 
and surface application. A graph-with the plant cover, B graph- without the plant 
cover. Bars show estimated means with standard errors. 
In both experiments, with and without plant cover, EPN were recovered in period 
from August to October. The plant cover and the month did not significantly affect 
either K or kEPN. The effect of surface method on K was 1.20 (SE=0.25), where the 
surface method plots had 3.3 times higher K than the control plots (p<0.0001) 
(Figure 61). 
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Figure 61: Effect of the surface application and control treatment on the activity of 
antagonists in the soil. Final fitted model for K, with only main effects. Lines: fitted 
model, points: data (log transformed, log(0) set to log(0.5)). Points are jittered to be 
easier to see. 
4.6.2 Wheat trial in Finland 
The number of bait larvae that died due to any reason and the number of that died 
due to EPN are plotted in Figure 62. 
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Figure 62: Total mortality and mortality due to EPN on wheat in 2006 following the 
surface application. 
The total mortality was low and reduced over time in both spray and control plots. 
EPN were not recovered from any sample taken from August to October and after 
winter, in April. The main effect of month on K was not significant. There was a 
strong effect of treatment, as the surface treatment had 6.5 times higher K than the 
control treatment (SE=0.54, p=0.005). Total mortality decreased over time (Figure 
63). 
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Figure 63: Effect of the surface and control treatment on the activity of antagonists in 
the soil. Final fitted model for K, with only main effects. Lines: fitted model, points: 
data (log transformed, log(0) set to log(0.5)). Points are jittered to be easier to see. 
4.6.3 OSB trial in Germany 
The K was low in the control plots and prior to spraying. Larvae that died due to EPN 
were not recorded from the control plots, a natural Steinernema sp. Occurred at a 
low relative intensity in one of the experimental plot. The total number of bait larvae 
that died for any reason declined over time.  
After the EPN application (end of October), EPN population was recovered from 
treated plots from November to May in the following year, but by July, EPN were not 
recovered from any of the plots. K and kEPN are plotted in Figure 64. 
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Figure 64: Total mortality and mortality due to EPN on OSB following surface 
application in 2006 in Germany. 
For K, the main changes in the treated plots were between November and May. 
There was higher K in the control plot than in the EPN-treated plot prior to treatment, 
but afterwards they were about the same in May, and lower in July. In the control 
plots and prior to spraying, K was low. K and kEPN declined over time. The highest 
kEPN was in November/December, after which it decreased, and returned to its prior 
level by July (Figure 65). The relative intensity of the naturally occurring EPN, which 
was recorded in one of the spraying plot, was higher prior to application sampling 
than in July, when no EPN was recorded. 
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Figure 65: Effect of the surface treatment on the S. feltiae intensity and persistence. 
Final fitted model for kEPN with standard errors. 
4.6.4 Interactions for total mortality (K) 
The best fitting model used to explain K was:  
Dead = (Experiment + Treatment + Month)2 + (1|Plot) 
Only the first order interactions between experiment, treatment, and month were 
included, as second order interaction was not significant (Figure 66 and 67). 
In the Finnish data, there was a tendency for K to increase over time, and for the 
treatments to have a larger effect than the control. The CRS method tended to have 
a larger effect than the surface application method. There were also more insects in 
the OSB fields, but it was not possible to attribute the higher K to this, as there were 
other confounding factors. Hence, results from surface application were compared 
across years. 
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Figure 66: Estimated means for treatment effects in each month. Bars show 95% 
confidence intervals for each of the study crops, years, and locations. The estimates 
are centred on the effect of that treatment in the first month and show the change in 
relative mortality. 
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Figure 67: Estimated means for treatment effects in each month. Bars show 95% 
confidence intervals for each of the study crops, years and locations. The estimates 
are centred on the effect of that treatment in the first month, and show the change in 
relative mortlaity over time. 
The only possible analysis was to compare surface application methods across 
years, which showed that OSB had higher or equal K than clover and wheat (Figure 
68). 
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Figure 68: Estimated contrasts between OSB and red clover, and OSB and wheat. 
Bars shows 95% confidence intervals.  
4.7 Impact of selected biotic and abiotic factors on EPN recycling and 
persistence 
In this study, attention was given either to those factors that were observed to limit 
the recycling and/or persistence during the experimental period, or to those that are 
a part of the OSB growing system.  
4.7.1 Impact of I. fumosorosea  
I. fumosorosea had an impact on EPN multiplication in the combined treatment. The 
levels of EPN number were not equally distributed within a treatment. In the EPN 
treatment, 100% of dead larvae were classified as hosting “high” numbers of EPN 
progeny number. In the combined treatment, in contrast, 7% of dead larvae were 
classified as hosting “average” numbers, 67% as “low” ad 27% as “ very low” (Figure 
69).  
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Figure 69: Impact of pure and mixed infections by S. feltiae (S.f.) and I. fumosorosea 
(I.f.) on the ability of S. feltiae to produce progeny in the bait larvae 
There was a statistically significant difference in the distribution of levels within 
treatments (p= 0.020, df=2) (Table 15). 
Table 15- Significant differences between treatments in respect to EPN number level 
Treatment EPN Fungus 
Fungus+EPN 
Z= -7.259 
p< 0.001 
Z= -7.259 
p< 0.001 
EPN 
 Z= -7.681 
p< 0.001 
 
The treatments affected the larval softness differently. All of the dead larvae in the 
EPN treatment were classified as soft. In the combined treatment 20% of larvae 
were moderately hard, 57% hard and 23% very hard. The fungus treatment had 63% 
of hard, 37% of very hard larvae and no larvae belonging to the moderately hard 
level (Figure 70).  
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Figure 70: Impact of pure and mixed infections by S. feltiae (S.f.) and I. fumosorosea 
(I.f.) on the tissue softness of the bait larvae. 
 
The distribution of levels within treatments was significantly different (p= 0.030, df=2) 
(Table 16).  
Table 16- Significant differences between treatments in respect to larval softness 
level 
Treatment EPN Fungus 
Fungus+EPN 
Z= -2.236 
p= 0.025 
n.s. 
EPN 
 Z= -2.121 
p= 0.034 
 
In the combined treatment, the highest percentage of dead larvae (67%) hosted a 
low number of EPN, and it was significantly higher than the number of dead larvae 
that hosted an average number of EPN (7%) (Z=-1.993, p=0.046) (Figure 71). 
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Figure 71: Proportion of dead bait larvae in the combined treatment (S. feltiae + I. 
fumosorosea) hosting a particular number of EPN, which was devided in four 
different levels (high, average, low, and very low). Bars show estimated means with 
standard errors. 
 
The highest percentage of dead larvae (57%) belonged to hard level of larval 
softness, and it was significantly higher than the percentage of dead larvae that were 
moderately hard (20%) and very hard (23%), (Z= -1.964, p=0.05, and Z=-1.993, 
p=0.046 respectively), (Figure 72). 
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Figure 72: Distribution of the larval softness levels in the combined treatment (S. 
feltiae + I. fumosorosea). Bars show estimated means with standard errors. Different 
letters represent significant difference between the larval softness levels (p<0.05). 
In the I. fumosorosea treatment the bait larvae were classigfied as either hard (63%) 
or very hard (37%) and these class were not significantly different in size (Figure 73). 
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Figure 73: Distribution of the larval softness levels in the I. fumosorosea treatment. 
Bars show estimated means with standard errors. Different letters represent 
significant difference between the larval softness levels (p<0.05). 
There was a strong association between EPN number levels in the combined 
treatment (r= 0.801, p<0.001), (Figure 74). 
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Figure 74: Association between the EPN number levels and softness levels in the 
combined treatment (S. feltiae + I. fumosorosa). Treatments: F+N- fungus + 
nematodes; N- nematodes; F- fungus. Softness levels: 1- soft; 2- merely hard; 3- 
hard; 4- very hard. Nematode number levels: 1- high; 2- average; 3- low; 4- very low; 
5- no nematodes. 
4.7.2 EPN ability to penetrate and recycle in M. aeneus  
In some beetles, nematode progeny was produced before dissection. The new 
generation IJ were visibly much smaller than the IJ applied, but they were not 
measured. Dissection results showed 38% of adults were infected by EPN, in 18% of 
which, IJ successfully reproduced. All new generation IJ were dead, but it is not 
certain whether they were dead or alive before the dissection process. For 62% of 
adults, EPN infection was not evident (Figure 75). However, it is not certain that the 
adults were not infected because the IJ, which belonged to the applied population, 
could have been damaged during the dissection. 
EPN were observed in 48% of pupae, of which 13% hosted EPN progeny. Thirty five 
percent of pupae hosted IJ that belonged to the applied EPN population. It is 
uncertain whether the IJ were dead or alive before the dissection. Before the 
dissection, one pupa hosted an adult EPN female bearing immature IJ. In 53% of 
dead pupae, neither progeny nor applied EPN population was observed (Figure 75). 
New generation IJ were visibly much smaller in size than the IJ applied.  
EPN were observed in 42% of larvae, where 21% hosted EPN progeny, and 21% 
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hosted the applied EPN population. EPN were not evident in 58% of the larvae 
(Figure 75). The larvae in which EPN were not observed do not exclude a larval 
infection with one or a few EPN, which were not possible to observe, due to damage 
during the dissection process. After seven days, in two larvae, adult EPN female 
bearing immature IJ were observed. In another two larvae, progeny occurred before 
the dissection. New generation IJ also were visibly much smaller. 
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Figure 75: Proportion of dead adults, pupae and larvae where EPN were not found to 
penetrate, EPN only penetrated, and where EPN penetrated and recycled. 
EPN ability to penetrate  
The highest percentage of individuals in which EPN penetrated was observed for 
pupal stage (48%), followed by larval (44%), and adult (38%) stage. The proportion 
of individuals in which EPN penetrated was not significantly different among the 
stages (Figure 76) 
0
10
20
30
40
50
60
70
EPN found EPN not found
D
ea
d 
in
di
vi
du
al
s 
(%
)
Adult
Larva
Pupa
 
Figure 76: EPN ability to penetrate into different stages of M. aeneus. 
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For each stage of M. aeneus, there were no significant differences between the 
proportion of individuals where EPN penetrated and where EPN were not detected to 
penetrate (Figure 77). 
 
Figure 77: Difference between the penetrated and non-penetrated individuals for 
each stage of M. aeneus. Bars show estimated means with standard errors. 
EPN ability to recycle 
The overall reproduction of EPN was low for all stages. The highest proportion of 
individuals in which EPN reproduced was larval stage (20%) followed by adult had 
18% and pupa stage 13%. Percentages of individuals with and without EPN progeny 
were not statistically different among the stages (Figure 78). 
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Figure 78: EPN ability to penetrate, and penetrate and recycle in different stages of M. 
aeneus. 
Pupal stage had significantly higher percentage of individuals in which EPN were not 
recycling, than those where EPN were successfully recycling (F= 6.23, df=1,6, p= 
0.047,). The difference between the number of individuals with progeny and no 
progeny was not significantly different for the adult and larval stages (Figure 79). 
 
Figure 79: The difference between the number of individuals with progeny and individuals 
hosting only penetrated EPN in different M. aeneus stages. Bars show estimated means with 
standard errors. Different letters represent significant difference (p<0.05). 
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4.7.2.1 Brassica plant and fertilizer impact on EPN recycling 
EPN progeny was affected by the treatments (F=16.68, df=5, p< 0.001). 
Plant+organic fertilizer treatment had the lowest number of progeny producing larvae 
(25%) and behaved significantly differently from all other treatments (p<0.002 in all 
cases). The highest number of progeny producing larvae was in the plant+synthetic 
fertilizer treatment (100%), being significantly different from the synthetic fertilizer 
treatment (p=0.007). The control treatment had similar number of larvae producing 
progeny to all treatments, except the plant+organic fertilizer treatment, which 
behaved differently from all other treatments. Significant differences are presented in 
Figure 80. 
 
Figure 80: Effect of different treatments on EPN progeny in the bait larvae. P+OF- 
plant in combination with organic fertilizer; P+SF- plant in combination with synthetic 
fertilizer; P- plant alone; OF- organic fertilizer alone; SF- synthetic fertilizer only; C- 
positive control (larvae + EPN). Bars show estimated means with standard errors. 
Different letters represent significant difference between the treatments (p<0.05). 
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5 DISCUSSION  
This chapter presents the final theoretical framework of the biological control of 
oilseed Brassica pests with entomopathogenic nematodes, which was built through 
the empirical study and compares it with the tentative theoretical framework that was 
based on the previous research. 
5.1 Occurrence of entomopathogens in oilseed rape fields and crops in 
rotation  
The Prevalence (the number of positive soil samples) of the insect antagonists 
EPN, PN and EPF showed no significant differences due to country in the horizontal 
survey, or due to country and year in the vertical survey. However, significant 
differences both in the horizontal and the vertical survey were observed in respect to 
years and/or countries for the relative intensity of insect antagonists and nematodes, 
but not for EPF. 
In the horizontal survey of oilseed Brassica (OSB) fields in northen Europe, 
the prevalence of entomopathogenic (EPN) and parasitic (PN) nematodes was low 
(2% and 21% respectively) while the prevalence of entomopathogenic fungi (EPF) 
was relatively high (56%). The relative intensity was low for all agents (EPN (0.9%), 
PN (4.9%), EPF (6.2%), and UBF (23%)). The countries with the highest overall 
intensity of insect antagonists were Sweden and Poland, while for the nematodes 
they were Sweden and UK.  
From the scarce literature on surveys of entomopathogens in arable crops, or in a 
cropping system, the results about the EPN prevalence are highly variable. Some 
authors report that, in general, agricultural fields have lower abundance of EPN than 
other habitats (Marcek, 1980; Akhurst and Brooks, 1984; Boag et al., 1992), while 
others state that cultivated habitats are more suitable for EPN than other habitats 
(Akhurst and Bedding, 1986; Garcia del Pino and Palomo, 1996). Low prevalence 
(<15% of positive soil samples) was reported from cereal crops (Kary et al., 2009), 
German field soils, Italian, mostly farmland soil (Ehlers et al., 1991), and Danish 
agricultural fields (Nielsen and Philipsen, 2003). A higher prevalence (>20% of 
positive soil samples) in cultivated soils and agricultural fields was reported from 
Poland (Jaworska and Dudek, 1992), Spain (Garcia del Pino and Palomo, 1996), 
Czech Republic (Mracek et al. (1999), or from a particular crop, such as alfalfa (Kary 
et al., 2009). Our study confirms the inconsistency in the occurrence results, 
reporting the presence of EPN in OSB growing systems, but at a very low 
prevalence and at a low relative intensity. It also shows some differences in the 
relative intensity between countries. 
A higher prevalence of EPN in agricultural fields is connected with the presence of 
suitable host insects (Akhurst and Bedding, 1986; Mracek and Webster, 1993; 
Mracek et al., 1999). Low prevalence and relative intensity of EPN found in our 
study, in Estonia, Germany, Poland, Sweden and the UK, implies that the OSB 
growing system (which commonly includes cereal crops) does not sufficiently 
support EPN occurrence and survival. However, from all the reviewed literature, with 
exceptions of several surveys conducted in orchards (e.g. Shapiro et al. 2003), it is 
noticeable that no other study reports wider surveys targeting a specific crop or 
cropping system in arable fields.  
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One of the reasons for the inconsistency in the EPN occurrence in agricultural fields, 
and in the OSB growing system, could be the different extraction methods used in 
the studies. For example, the funnel method provides a higher extraction efficacy in 
comparison to the Galleria bait method (Sturhan and Mracek, 2000; Spiridonov and 
Moens, 1999). Sturhan and Liskova (1999) found a higher prevalence of EPN in 
agricultural fields and gardens using direct nematode extraction rather than the 
insect bait method. A baiting method conducted at two or more temperatures 
improved the extraction success (Mracek et al., 2005). The baiting in our study was 
conducted only at room temperature. Another reason for the inconsistency could be 
targeted surveys, or regional surveys of different habitats where a higher prevalence 
could be observed (e.g. Griffin et al., 1999). The differences between some countries 
with respect to relative intensity in our study could be due to different climatic 
conditions in those countries, but also to possibly different soil management 
practices in these countries that could affect the occurrence of entomopathogens 
(Brust, 1991, Millar and Barbercheck, 2002).  
The present results suggest that recording the prevalence of entomopathogens 
would give no significant difference when comparing several localities, fields or 
countries, but recoding the intensity gives more precise results. The prevalence of 
entomopathogens offers an insight into a habitat, but the quantitative impact remains 
unknown, and hence so does the possible effect of naturally occurring pathogens or 
other antagonists on the insect pests. The information on EPN intensity would give 
precise information for a guideline for biological control strategies. The intensity 
could be used for calculations on how it affects the local populations of pests in a 
targeted field. 
In the vertical survey, in the base line year, the STN system plots had a higher 
relative intensity of insect antagonists than the ICM system plots. The nematode and 
EPF relative intensities were not significantly different between the systems in any 
country. EPN were not found in any of the samples. 
Practicing the ICM system resulted in a significant improvement in relative intensity 
of insect antagonists and nematodes in the two followingyears, and in a non-
significant improvement in the relative intensity of EPF. EPN were isolated from only 
two samples in this study (4.3%), but their average relative intensity was high (78%). 
However, the effect of ICM on the prevalence of all three groups was positive but 
non-significant. 
In conventional agricultural systems like STN, tilling disturbs the soil habitat thus 
affecting biotic and abiotic factors such as frequently lowering microbial (Lupwayi et 
al. 1998), arthropod (House and Alzugaray, 1989), and nematode (Brust, 1991) 
populations, and affecting biodiversity of the soil system (Giller, 1996). EPN have 
been isolated more frequently from fields where management of the soil included 
reduced tillage (Shapiro et al., 1996; Millar and Barbercheck, 2002). In some cases, 
fields without tillage conserve EPN populations better than conventional tillage 
treatments. When there is no tillage the presence of weeds was associated with 
increased infection of G. mellonella by EPN in the first and subsequent years (Brust, 
1991). Other soil management practices, including ploughing and disking, have been 
also reported to decrease the survival and activity of soil fungi and nematodes 
(Hummel et al., 2002). Comparative studies usually record the prevalence of EPN, 
but not their intensity; however, a detailed study on the impact of different 
management systems on both the prevalence and intensity of naturally occurring 
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EPN was conducted by Campos-Herrera et al. (2008). They observed that the 
abundance and recovery frequency of naturally occurring EPN significantly 
decreased with the agricultural disturbance gradient, and that EPN could not be 
recovered from conventional annual crops. The present results support those 
findings, where the management system was shown to disturb the biotic agents’ 
survival.  
Conventional tillage generally causes significant fluctuations in temperature and 
moisture (Brust, 1991). Another component of the STN system is a higher pesticide 
use. The effect of some pesticides could be antagonistic (Rovesti and Deseö, 1990) 
or may reduce the activity of EPF in the field (Hummel et al., 2002). Differences 
within the prevalence results are also attributed to the different climatic conditions 
(Kary et al., 2009) and different geographical locations (Hominick and Briscoe, 
1990). The effect of the ICM system was similar for all agents in every experimental 
year in the present study. A significant increase in the mortality proportions occurred 
from 2003 to 2004, and a slight increase from 2004 to 2005 was evident, showing 
that the ICM system effect might be more stable than the STN system, which 
showed significant variations over years for every examined agent.  
The ICM system affected the examined agents similarly in each country. These 
results suggest that different climatic conditions and also different base lines did not 
have an impact on the system effect. However, the limitations of the base line year 
were a small number of soil samples and the inability to include all countries in the 
statistical analyses, so the true baseline conditions in each country cannot be drawn. 
 Besides a strong influence of agricultural management on EPN, Campos-Herrera et 
al. (2008) suggested that certain types of soil environment are unsuitable for these 
organisms. EPN were previously reported to be rarely found, or totally absent, in 
heavy soils like clay, and to prefer lighter soils (Kaya and Gaugler, 1993). In the 
present study, the maximum clay content was 35% (in Germany, Poland, and UK), 
while in Estonia and Sweden the soils were classified as silty loam and sandy loam, 
respectively. These all could be potentially suitable for entomopathogens. It also 
means that there was a higher probability of recording a higher prevalence or relative 
intensity of entomopathogens in Estonia and in Sweden, but this was not found in 
the present study. 
Campos-Herrera et al. (2008) suggested that agronomic management could affect 
the natural activity of EPN by reducing their virulence and reproductive potential. 
Hominick et al. (1996) reported that EPN are not infective during the entire period of 
their life in the soil. EPN could also fail to be recovered when there is a low number 
of EPN (Poinar, 1990). 
When EPN fail to be recovered for some reason, the total mortality measure denoted 
as the relative insect antagonistic intensity in the present study, would be a more 
appropriate measure, since it also records the impact of the less virulent insect 
pathogens, or of those with lower reproductive capacity. The relative insect 
antagonistic intensity could thus provide better information on the insect antagonistic 
activity.  
A soil with a high insect antagonistic activity due to the presence of several types of 
entomopathogenic and parasitic organisms, such as parasitic nematodes, could 
require a lower dose of EPN to be applied for a good control effect. In such a case, a 
lower dose would be economically attractive and ecologically justified.  
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Besides the relative intensity, the present study also introduces an additional 
measure, namely the prevalence and incidence of all biotic insect antagonists, as a 
sum of those identified and those that were not possible to recover and thus identify. 
An EPN population (Steinernematids) might kill the bait, but penetrate in too low 
numbers to be able to reproduce (Poinar, 1990), or it could have a low infectivity and 
thus inability to reproduce (Campos-Herrera et al., 2008). From the present study, it 
is evident that for obtaining more precise information on the insect antagonistic 
activity in the soil, total mortality might be a better measure of the potential of 
nematodes associated with insects.  
In some cases, EPN fail to infect a bait larva in the first baiting series, but succeed in 
the second baiting series (Hominick and Briscoe, 1990). In the present study some 
samples were processed two or three times, when the total mortality of bait larvae 
was high but no specific agents were recovered from the sample. Generally, if no 
agent was recovered in the first baiting round, repeated baiting still did not result in 
recovery of an agent. In almost all cases, when an agent was identified in the first 
baiting round, the same agent was re-isolated in the subsequent baiting rounds (data 
not shown). 
The measure of relative intensity of nematodes in this study included both PN and 
EPN, where PN predominated. Since they belong to the same group of organisms, it 
might be that in a situation where the EPN prevalence/relative intensity is higher in 
the base line year than in our study plots, the ICM would show a positive effect for 
them as well. 
All the isolated EPN from both the horizontal (Germany and Poland) and the vertical 
survey (Estonia and Sweden) belonged to the genus Steinernema.  Surprisingly,  a  
relatively high prevalence and relative intensity of insects-associated PN belonging 
to the genus Rhabditis and Diplogaster was also observed, and their relative 
intensity also increased in ICM system. 
The present results are consistent with the majority of studies on the topic, reporting 
that steinernematids are more likely to be isolated and are more widely distributed in 
arable fields than other EPN (Akhurst and Brooks, 1984; Garcia del Pino and 
Palomo, 1996; Emelianoff et al., 2008; Khatri-Chhetri et al., 2010). EPN seem to be 
more sensitive to the conditions in the OSB growing system than PN. However, not 
many studies have recorded the prevalence and/or incidence of other than the 
entomopathogenic nematodes. Rueda et al. (1993) recovered Rhabditis sp., 
Pelodera sp., Cryptaphelenchoides sp., and Mesodiplogaster sp. in higher 
percentages than EPN. Coosemans (2006) conducted a survey of EPN around the 
roots of weeds, and besides H. bacteriophora, other nematodes were recorded and 
identified: Rhabditis spp., Diplogaster spp., and Diploscapter spp., indicating an even 
wider practical potential of nematodes associated with insects. The present study 
partly supports this statement, although there is still a need to investigate the way in 
which that potential can be used in biological control. EPN have been found in 
previous studies also in OSB fields in Germany (Susurluk, 2005), and in Finland 
(Vänninen et al. (1989), while Mracek et al., (1999) reported the absence of EPN in 
oilseed rape. In the present work, EPN were found in Estonia, Germany, Poland, and 
Sweden. 
5.2 Inundation and inoculation of EPN in agro-ecosystems 
According to the results obtained from the survey of entomopathogens in the OSB 
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growing system, the possible biological control (BC) strategies are inundation and 
inoculation. Further results from the field experiments showed that inundation and 
seasonal inoculation are suitable for using S. feltiae application to control OSB pests 
(M. aeneus and partly Phyllotreta spp.) in Finland. 
5.2.1 Application dose 
The main effect of the dose was significant for the inundative application of S. feltiae, 
when EPN was applied with the surface application method at the delayed 
application time, targeting all stages of M. aeneus.  
According to the model, the low dose of EPN (0.2 M/m2 and 0.3 M/m2) using the 
surface application method with delayed timing resulted in more than 50%  reduction 
in abundance of M. aeneus (decrease ranging between 57-81%). The medium dose 
(0.5 M/m2) reduced abundance of the pest by 88% , while the high dose (1 M/m2) 
reduced it by 99%. The medium dose applied with the CRS showed a superior 
reduction of the pest population, compared with the surface application method. A 
low dose using the surface application method at optimum and early timing had no 
effect on the abundance of M. aeneus. Variation of the dose effect over years was 
attributable to climatic conditions or some other factors, including the application 
method and application time. 
Success of the soil application method depends on insect susceptibility to EPN 
(Kaya and Gaugler 1993). M. aeneus larvae have previously been shown to be 
susceptible to steinernematids and S. feltiae (Nielsen, 2000). An optimum dose is 
reported to depend on the position of the target pest (Kaya and Gaugler, 1993). Both 
of the target insects, M. aeneus and Phyllotreta spp., are located 2-3 cm below the 
soil surface, which assured their matching with the applied EPN, regardless of the 
method of the application. Nevertheless, this study showed variation in the control 
regardless of dose, indicating that factors other than location of the pest played a 
role. One source of variation could be the developmental stage of M. aeneus at the 
time of the application, as their susceptibility to the EPN infection may vary. 
Environmental conditions have been reported to affect EPN efficacy (e.g. van Tol 
and Raupp, 2006). In the present study, the climatic conditions were confounded 
with other factors (application method and timing) of the cropping system, and it was 
not possible to determine the dependence of the efficacy, if any, on the ambient 
temperature and precipitation.  
Shapiro-Ilan et al. (2002) reported that for highly susceptible pests, or for a highly 
virulent EPN strain to a certain pest, relatively low doses are needed for pest control. 
A high level of control of M. aeneus in our study was achieved with a low dose, and 
for this insect it seems that a non-linear response to dose increase depends on other 
factors than on EPN virulence, or on the degree of susceptibility of the host. One 
such factor could be the sex ratio of the population. A difference in EPN susceptibility 
between the insect sexes was reported by Mannion and Jansson (1992). Klukowski 
(personal communication) observed a slightly lower abundance of C. assimilis 
females in the EPN treated plots in his OSB experimental field. In the present study, 
the sex of the insects was not determined and therefore it cannot be excluded that 
the high efficacy of low dose could be due to a biased sex ratio, which, however, is 
uncommon in M. aeneus (Hokkanen, personal communication). 
Several studies have reported that an increase in dose does not decrease the pest 
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population (e.g., Fenton et al., 2002; Cuthbertson et al., 2007). Similar results were 
obtained also in the present study, where a high proportion of pests reacted to low 
dose and an increase in dose resulted in only some further individuals being 
affected. The recommended minimum dose for a satisfactory control of a pest in the 
field, depending on the crop, is in the range between 2.5x105 IJ/m2 (Georgis et al., 
1995; Shapiro-Ilan et al., 2002) and 7.5x105 IJ/m2 (Smith, 1994). In our study, when 
justifying a dose economically and effectively, a dose of 3x105 IJ/m2 (72% decrease 
of M. aeneus) could be suggested, according to the model. In some other studies 
even lower doses have been reported to provide a high degree of pest control 
(Parkman and Smart, 1996; Ben-yakir et al., 1998; Curto et al., 1999), but it is not 
possible to make a generalisation with high accuracy. The dose that can be 
recommended recommended depends on the EPN species and strain, the insect 
species, and other biotic and abiotic factors in the target system. 
In a field study in Finland in 2001, M. aeneus and Phyllotreta spp. abundances were 
reduced by 92% and 56%, respectively, following soil surface application of 1 M/m2 
of S. feltiae. In the following year, the pest abundance was not significantly 
decreased following a medium dose (0.45M) at early timing (Hokkanen, personal 
communication). Although the application time in 2001 was aimed at the larval stage, 
EPN were most probably applied after most of the larvae already had descended 
into the soil for pupation. The control of OSB pests (among which were also M. 
aeneus) with blanket spraying of S. feltiae in  the  1970s  in  France,  resulted  in  a  
decrease in the abundance of the new generation of pests  by at least 50% 
(Laumond, personal communication, as cited in Hokkanen et al., 2003). Variation in 
the results of those studies could be due to the dose, but also due to the application 
method and the time of the application.  
These results answer the research question about determining the main factors that 
affect the efficacy of EPN applications with respect to dose, by pointing out that the 
dose response of pests depends primarily on the application method and on the time 
of the application, rather than on the dose. 
5.2.2 Application time 
Application time had a significant role in decreasing the abundance of the pests. The 
abundance depended on the application dose, method and possibly some other 
unidentified factors in the OSB growing system, and climatic conditions. Early 
application timing using the surface application method and a low dose did not affect 
the abundance of the new generation emerging adults of either M. aeneus or 
Phyllotreta spp., while the CRS method reduced M. aeneus and Phyllotreta spp. at 
most by about 40% for both insects. Optimum application time using surface 
application and a medium  dose (5x105 IJ/m2 ) reduced M. aeneus and Phyllotreta 
spp. abundance at most by about 10% and 25%, respectively, while a low dose 
(1x105 IJ/m2 ) did not affect the insects’ abundance. Delayed application time, which 
potentially affected all stages of M. aeneus, resulted in very high decrease of 
abundance ranging from 34-99% depending on the dose, and possibly some 
unidentified factors (e.g., climatic conditions). 
The time of application targets the time when an insect pest is most vulnerable to 
EPN invasion (Kaya and Gaugler, 1993). In most the experiments, where M. aeneus 
was exposed to EPN, the larval stage was targeted (Nielsen, 2000; Hokkanen, 
personal communication). The reviewed literature does not report that other stages 
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of this pest would have been tested. Besides the susceptibility of the larval stage of 
Phyllotreta spp. (Li and Wang, 1990), the adult stage has also been shown to be 
susceptible to EPN infection under laboratory conditions (Trdan et al., 2008). The 
results of the delayed application method suggested that potentially also other M. 
aeneus and Phyllotreta spp. stages could be susceptible to EPN infection. At the 
time of the delayed application, larvae, pupae and adults of M. aeneus, and pupae 
and adults of Phyllotreta spp. were probably in the soil. 
5.2.3 Application method 
The highest reduction of M. aeneus (34-99%) and Phyllotreta spp. emerging adults 
was obtained with the surface application method, when it was at the delayed timing. 
However, the surface application method had a non-significant effect irrespective of 
the dose (low or medium), at the early or optimum application timing. The soil 
application method was tested only at early timing, and yielded a significantly lower 
abundance of M. aeneus and Phyllotreta spp. emerging adults with the medium dose 
(5x105 IJ/m2), as compared with the surface application method. However, the 
method still needs improvement to provide a more effective reduction in pest 
numbers.  
Any application method has an effect on the EPN efficacy in terms of their survival, 
losses, and infectivity. A spraying system can damage EPN, or cause a loss of 
viability during the passage through the system by, for example, high temperature in 
the water tank (Grewal, 2002), pressure in the pump (Fife et al., 2004), amount of 
water in the tank (Klein and Georgis, 1994), and nozzle types (Fife et al., 2005). In 
the present study, by using a watering can, most of these disturbances were 
avoided, and consequently a higher number of the applied EPN reached the soil. 
Disturbances that occurred in using the watering can for soil surface application are 
mixing, shaking, and application handling. Regardless of all disadvantages of the soil 
surface application method (when all stages of the pest were present in the soil), it 
resulted in a high control of the pests. It seems that precise timing could compensate 
for the losses caused by the application method. The number of EPN that reach the 
soil when they are applied over the OSB plants, is negatively correlated with the 
plant height (Susurluk, 2005). In the present study the soil surface application 
method assured that most of EPN reached the soil and few remain on the plant 
canopy. That could be one of the reasons for the high effectiveness of the EPN 
against the insect pests.  
EPN efficacy is also reduced due to low post application survival (Smits, 1996). The 
soil surface application (optimum timing) was significantly inferior to the CRS 
application method (early timing, medium dose). It seems that with the CRS method, 
regardless of the relatively long time that the EPN spend in the soil, they survived 
until the pest occurrence, which suggests that the formulation and the delivery 
prototype capsule provide a suitably protected environment. EPN formulated in the 
gel are relatively immobilised, which potentially could prolong their persistence once 
they are released, since they did not expend their energy on movements (Grewal, 
2000). CRS could thus provide the EPN availability (persistence), efficacy, and 
dispersal for a prolonged time.  
5.2.4 Biotic and abiotic factors affecting efficacy 
All examined factors influenced the S. feltiae efficacy. 
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5.2.4.1 Interaction of S. feltiae and I. fumosorosea in controlling Meligethes 
aeneus 
The presence of I. fumosorosea appeared to increase the mortality of M. aeneus 
larvae caused by S. feltiae via a synergistic interaction (p= 0.1) on the first day after 
they were simultaneously applied on flowers. This may have been partly due to the 
glue-like mass which is formed when nematodes, I. fumosorosea, and pollen were 
mixed. In the sand, S. feltiae and I. fumosorosea had an additive effect on the target 
larvae on the third day after application. 
In the flower application, the S. feltiae and S. feltiae-If combination treatment had 
significantly higher cumulative mortality than in the I. fumosorosea treatment on the 
last day. In the sand, the difference in the cumulative mortality of M. aeneus was not 
significantly different between S. feltiae and the S. feltiae-If combination treatment on 
day six, but it was significant on days three to five.  
Joint use of biological control agents, or biological control agents and chemical 
agents, can result in a wide range of interactions. However, the type or interaction, if 
any, depends on the species, strain, timing and the rate of application (Koppenhofer 
and Kaya, 1997). Combined application of EPN and other pathogens or pesticides 
can also result in synergistic interactions (Barbercheck and Kaya, 1990; 
Koppenhöfer et al. 1999; Koppenhöfer et al. 2000; Lee 2002; Ansari et al. 2004). 
Barbercheck and Kaya (1991) showed that dual infections with H. bacteriophora and 
B. bassiana had an additive effect causing high mortality of Spodoptera exigua 
larvae. In contrast, Shapiro et al. (2004) reported either additive or antagonistic 
interactions between Steinernema carpocapsae, and M. anisopliae and B. bassiana. 
The type of interaction depended on the application rate of the nematodes and fungi. 
Regardless of the application rate, nematode species in combination with I. 
fumosorosea resulted in antagonism. These authors suggested that antagonism 
could be a result of the antagonistic toxins that are produced by the agents. In the 
present study, dual infections caused by S. feltiae and I. fumosorosea, depending on 
the application conditions, resulted either in synergistic, additive or no interaction. 
These results confirm the assumption that the type of interaction depends on the 
species, strain, timing and rate of application, but also on the insect species. For a 
fungus to result in an additive effect with EPN, the choice of a fungal isolate is very 
important (Acevedo et al. 2007). It is possible that the Finish isolate has some 
different characteristics than the strain used in the study where I. fumosorosea 
resulted in an antagonistic interaction with EPN. Another possibility is that the 
combination of EPN strain and/or insect species plays a significant role for the type 
of interaction. 
Ansari et al. (2004) observed additive effects when M. anisopliae and B. bassiana 
were applied one week prior to the S. glaseri and H. megidis application, and a 
synergistic effect when the fungi were applied four weeks before the nematodes. The 
authors suggested that M. anisopliae had a role as a stressor and increased the 
vulnerability of the insect to nematode infections. Samuels et al. (1988) showed that 
EPF could modify the insect behaviour in locomotion and feeding habits, and 
increase irritation. Many researchers have suggested that a fungus acts as a 
stressor to the insect, and makes it more suitable for nematodes to penetrate (Ansari 
et al., 2004; Anbesse, et al., 2008). However, in the present study, there is no clear 
evidence that one agent acts as a stressor and the other kills the insect, because 
microscopic observations indicated that larvae lost their power when the nematodes 
145 
 
alone were applied to flowers. 
Because the synergistic effect occurred at the p= 0.1 critical level, more data are 
needed to reach the critical level of p= 0.05. The advantage of using I. fumosorosea 
strain IME-05 (a Finnish isolate) instead of other fungi is its fast speed to kill and its 
rapid development, which is not usually characteristic for fungi used in biological 
control (e.g. Ekesi, 2001), and thus the fungus could be applied simultaneously with 
nematodes. This possibility simplifies the application process, and increases the 
speed of killing a pest. 
5.2.4.2 OSB plant, fertilizers, and insects 
The presence of an OSB plant and fertilizers had a significant impact on the EPN 
efficacy. The mortality of bait larvae was significantly lower when EPN had to cross a 
zone of OSB rhizosphere, a zone of fertilizer, or a rhizosphere + fertilizer zone. 
The results show that plant roots and fertilizers disturb the efficacy of the EPN. 
Therefore, some other condition has to be improved, or efficacy has to be increased 
by some other means. 
The results from the olfactometer experiments provided a better understanding of the 
results obtained in the first experiment conducted in the greenhouse. The 
significantly lower bait mortality in the plant+fertilizer and plant+larva+fertilizer in the 
greenhouse experiment could be due not only to the treatment causing disturbance 
to EPN, but also to the attraction of EPN to those treatments. Perhaps EPN were 
attracted more to a treatment then to the larvae, and thus a higher number remained 
around the treatments, while a lower number of EPN was spread elsewhere, and 
reached the bait larvae. However, a low percentage of EPN made a choice, and 
higher percentage was spread elsewhere in the central chamber. 
EPN were shown to be attracted to, or to show a response to, several factors, 
including chemical cues from both the plant and the insects. Damaged and non-
damaged plants emit chemical cues that could attract EPN (Lei and Webster, 1992; 
Wang and Gaugler, 1998; von Tol and Visser, 2002; Bertin et al., 2003; Rasmann et 
al., 2005). The cues emitted from damaged plants have a role in attracting natural 
enemies, including EPN, of a herbivore attacking the plant (Turlings et al. 1995; 
Neveu et al.2002; Rasmann et al. 2005). EPN are attracted also to undamaged 
plants (root pieces) of marigold and tomato (Kanagy and Kaya, 1996; Bird and Bird, 
1986). In the choice experiment conducted by Boff et al. (2002), given a choice 
between O. sulcatus and strawberry plants, EPN chose the plant, while when EPN 
were offered only plants, they moved in the opposite direction, away from plants. 
When they were not offered any of the factors, a higher number of EPN stayed in the 
middle. In another study conducted in Petri dishes, EPN showed positive response 
to a single strawberry plant, but not to several strawberry plants (Boff et al., 2001). 
Nielsen (2000) observed a higher density of EPN in the samples taken around the 
roots of OSB, than in samples taken at a distance from the roots. The present study 
is partly consistent with these previous studies conducted with undamaged plants, 
because EPN, when given a choice, moved more towards the plant alone, or 
towards the plant in combination with fertilizer or M. aeneus, which suggests that the 
plant is more attractive to the EPN than the insects. The presence of M. aeneus with 
plants did not increase the attraction for EPN. Most probably the presence of non-
feeding insects was the reason for the irrelevance for the EPN attraction to that pot. 
Besides the chemical cues that have been shown to attract natural enemies, some 
146 
 
studies indicate the importance of CO2 released by plant roots (Wang and Gaugler, 
1998).  Gaugler et al., (1980) and Robinson (1995) showed that EPN are attracted to 
CO2; these experiments, however, were not performed using living organisms. EPN 
aggregate around insect larvae due to chemical gradients diffusing from them 
(Schmidt and All, 1978). Byers and Poinar (1982) showed that N. carpocapsae 
aggregates also in response to heat from an insect, but only in the absence of 
chemical and CO2 gradients. They suggested that the heat could attract EPN over 
short distances (a few mm), and could help in the matching of an insect and EPN 
species in the close range, after the EPN have been attracted by chemicals and CO2 
diffusing from insects. The present study is partly consistent with that of Byers and 
Poinar (1982), where they suggest that EPN primarily respond to chemical gradients. 
In a study conducted in Y-olfactometers by Susurluk (2005), a significantly higher 
number of S. feltiae migrated toward D. radicum than toward the OSB plant, 
although generally, as in the present work, a high number of EPN stayed at the point 
of application. At 8°C significantly more IJ remained in the control, and at 15°C 
significantly more IJ migrated towards D. radicum. The different results obtained in 
the present study could be attributed to the temperature used in the experiment, or 
different insect tested. Since EPN can locate their hosts in response to host cues 
(e.g. Alikhan et al., 1985) maybe the chemical gradient or CO2 released from D. 
radicum is more attractive than those released from M. aeneus. The distance from 
the application point to the insect was 0.5 cm shorter in the present study than in that 
of Susurluk (2005), thus the distance is unlikely to be the reason for the different 
results obtained. 
According to the widely accepted theory of the three strategies of EPN host finding, 
the ambush foraging, as used by some EPN, shows that insect cues are irrelevant 
(Grewal et al., 1994). In the study conducted by Boff et al., (2002) a cruiser species 
that moves randomly through the soil, used ambushing strategy in the absence of 
any stimuli, but was cruising when they identified the stimuli. Wilson et al. (2005) 
reported that an ambusher nematode, S. carpocapsae, could pass similar distances 
as a cruiser in organic medium, and that S. carpocapsae uses physical rather than 
chemical cues in host finding. In the studies conducted by Kruitbos et al., (2009), the 
movement of EPN depended not only on the species, but also on the characteristics 
of the substrate, as movement and response of a species towards a bait insect were 
dependent on the soil type. S. feltiae is considered as a species with an intermediate 
foraging strategy, which entails its response to cues and active search for insects. In 
the present study, the physical and chemical cues were not identified. S. feltiae 
response to plants and fertilizer was probably facilitated by the sandy soil used in the 
experiment. 
Fresh cow manure and urea may reduce the virulence of S. carpocapsae (Shapiro et 
al., 1996). Ishibashi and Kondo (1986) observed an increase in the survival of EPN 
in compost. Jaworska and Gospodarek (1993) observed that lime or magnesium 
fertilizers that raise the soil pH, might increase the activity of EPN. In another study, 
Jaworska and Ropek (1999) showed that mineral fertilization and a high rate of 
nitrogen (480kg/ha) lowered the pathogenicity of S. feltiae and Hetherorabditis spp. 
Similarly, Bednarek and Gaugler (1997) reported a negative effect of synthetic 
fertilizers. Thurston et al. (1994) found that high concentrations of NaCl, KCl, and 
CaCl2 could affect the ability of S. glaseri to search and to infect a susceptible host. 
Moderate concentrations of KCl and CaCl2 increased the nematode virulence, while 
high salinity of NaCl negatively affected the survival, movement, and infectivity of 
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EPN. In the present study, organic and synthetic (NPK) fertilizers indirectly 
decreased the infectivity of S. feltiae because the species was attracted to the 
fertilizers. 
In some studies, higher concentrations are used than those usually applied in 
practice. In the present study, the standard OSB production rates of fertilizers were 
used. EPN were attracted to fertilizers, but it also reduced their efficacy since they 
aggregated around the fertiliser zone, and did not search for bait larvae. However, 
when a fertilizer is used not in combination with OSB plant, EPN tended to spread 
more, and match with the bait insect. 
These results imply that the response of an insect to various stimuli is best 
expressed in the absence of other, stronger signals, and under favourable soil 
conditions. From the reviewed literature it is evident that EPN respond to many 
signals, but when there is a combination of signals, the response depends on the 
species, and on how it determines which signal is most important. Even if they 
search primarily for insect larvae, perhaps they read indirect signals such as plant 
cues better than direct ones, such as insect cues. More complex cues may have a 
higher attraction potential for EPN than only CO2 or heat. 
It is not clear from the reviewed literature which sources and cues would attract EPN 
species, and thus yield their patchy distribution pattern. The response of an EPN 
species in the field depends on how it reacts to plant, insect, soil type, and other 
chemical cues that are present in the soil. 
5.2.4.3 Stages of M. aeneus: adult, pupa and larva 
All the M. aeneus stages were susceptible to the infection by S. feltiae. The mortality 
peak occurred after 24, 48 and 96 hours for adults, pupae and larvae respectively.  
Although it is widely accepted that EPN are effective against larval stages of an 
insect in the soil (Poinar, 1990), some studies showed that other stages are also 
susceptible. The prepupal stage of Frankliniella occidentalis (Ebssa et al., 2001), A. 
quercetorum and A. alni (Tomalak, 2004) have been reported to be susceptible to 
EPN. Although Jackson and  Brooks (1995) showed low susceptibility of rootworm 
pupae to EPN, high control of pupae was reported for the sugar beet weevil (Curto et 
al., 1999), for Hoplia philanthus (Ansari et al., 2008), and for Altica quercetorum and 
Agelastica alni (Tomalak, 2004). Adults of Phyllotreta spp. (Trdan et.al., 2008) and of 
Sitophilus granarius (Trdan et.al., 2006) were relatively well controlled, and those of 
sugar beet weevil (Curto et al., 1999) were well controlled.  
The present results confirm susceptibility of different insect stages to EPN. The 
susceptibility of the adult stage was observed in the flower application, where pollen 
together with nematodes formed a glue-like mass that prevented the beetles from 
avoiding EPN. However, during the field experiments the adult stage was exposed to 
the EPN in the soil, and the ability of adult to avoid them was not measured. Under 
those conditions, the mortality rate of adults might have been different than the 
results obtained in the laboratory. The extent to which the adults can avoid EPN in 
the soil probably depends on the soil type, as it may be harder for them to move in a 
clay soil than in sandy soil. The susceptibility of all stages confirms the suggestion 
that in the delayed application time in the field experiments, EPN most probably 
targeted all stages of M. aeneus. M aeneus larvae enter the soil for pupation over a 
long period of time, and when the last larvae descend for pupation, there is a 
possibility that the first pupae already have moulted to young adults, so all stages 
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are present in the soil for a long time. Young adults could be even more sensitive to 
the EPN than older adults (Trdan et al., 2006). 
EPN jumping behaviour was observed microscopically in this study. This body lifting 
behaviour was previously described as nictating (Campbell and Gaugler, 1993) and 
waving (Kruitbos and Wilson, 2010). In the present study, this behaviour was present 
only when the adult insects were aggressive and were defending themselves. During 
larval avoidance movements or pupal jumping behaviour, the EPN did not perform 
the jumping behaviour. It seems that this EPN species employs and changes its 
behaviour according to the conditions, as reported by Boff et al. (2002). 
The reason for EPN not always achieving satisfactory control against the larval stage 
of M. aeneus in the field experiments, could be the larval avoidance strategy. 
Avoidance has been observed in other studies (e.g., Epsky et al., 1988). Another 
reason could be the soil type (e.g., Choo and Kaya, 1991), which could have 
disabled the EPN penetration. Because M. aeneus larvae are mobile and small, they 
could move faster through the clay soil than some larger larvae. With respect to soil, 
EPN also have restrictions in mobility (Kaya and Gaugler, 1993). Additionally, when 
the EPN were not applied at the peak of larval descent into the soil for pupation, 
EPN-insect matching may not have occurred fast enough. Finally, when applied to 
the surface, the EPN could have spread and died before they could affect the larval 
population, as Smits (1996) reported that EPN post-application longevity is very 
short, and most probably by the seventh day after application their numbers would 
be insignificant. Buhler and Gibb (1994) could not recover EPN eight days after 
application. Some studies have demonstrated a longer survival, even several weeks 
(Warshaw, 1992; Tomalak, 2003). In the present study, EPN survived for some 
weeks, and during that period, larvae were present. One possible explanation is that 
the larvae used an avoidance strategy, while the number of pupae and adults was 
still low, thus the abundance of the new generation was not significantly affected.  
The pupal stage was observed to perform jumping behaviour in attempts to avoid 
disturbances caused by EPN attack in the sand in the laboratory experiments. It is 
likely that the pupae are restricted in their movement in the clay soil, making the 
conditions more suitable for EPN to infect them. 
5.2.5 Development of a controlled release system for EPN application 
The most promising formulation for  a controlled release system (CRS) of  EPN was 
small granules of the superabsorbent gel of the NemaLifeTM powder in biodegradable 
packaging. This formulation exhibited the slowest emergence pattern, and contained 
the highest number of EPN within the CRS after one month, when compared to 
either the large-granule gel or vermiculite. The Brassica plant  was  not  shown  to  
affect the number of EPN in CRS after one month. It seems that the plant initiates a 
faster emergence of EPN, but afterwards the pattern of emergence is similar 
between the treatments. Faster emerge of EPN might be because Brassica plants 
act as a stimulus for EPN, or increases the EPN activity. 
There was a significant release of the EPN from the CRS from day 14 onwards, and 
they continued to emerge up to day 35 when the experiment was terminated. The 
length of the period in which EPN killed bait insects after their release from a CRS 
capsule depended on the number of days elapsed after the application, and on the 
number of EPN  in the capsule. Additionally, higher mortality in the soil was caused 
by the higher number of EPN having emerged from the capsule into the soil. Using 
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the CRS, the total number of dead bait larvae by day 35 was 63 % higher than when 
the same number of EPN was applied in a single dose. 
When EPN were tested for their infectivity and length of ability to kill bait larvae in 
different media, Petri dishes containing EPN formulated in NemaLifeTM gel had the 
highest number of dead bait larvae (38), followed by EPN in water suspension in 
Petri dishes (28) and cups containing sand (23) and clay (19). 
The length (in days) of the EPN ability to kill the bait insect was longest in the case of 
clay (20 days) and sand (19 days), followed by gel (15) and moist filter paper (11). 
The reason for the shorter period of causing bait larval mortality on the filter paper is 
probably due to higher EPN penetration rate (Shapiro and Gaugler, 2002), which 
was less likely in the soil, where EPN needed a longer time to match (encounter) 
with the bait insects. 
Several formulations have been developed for either storage or application purposes 
(see Grewal 2002; Grewal and Peters, 2005; Koppenhofer, 2007). The formulation in 
NemaLifeTM gel provided a long survival of S. feltiae at 4°C, for more than a year 
(Menzler-Hokkanen and Hokkanen 2002). In the present study, EPN formulated in 
NemaLifeTM gel remained infective and survived for more than 35 days at room 
temperature. According to the results of this study, NemaLifeTM gel formulation could 
be considered as a good storage and application formulation. 
Few studies have tested non-aqueous formulations for the application of EPN. One 
of these methods is the application of EPN in infected cadavers, for which 
formulation is required. Application of EPN in infected cadavers showed superior 
efficacy when it was compared to the aqueous application of EPN in laboratory 
experiments (Shapiro and Lewis, 1999). In greenhouse experiments, several EPN 
species formulated in cadavers resulted in significantly higher reduction of the 
Diaprepes root weevil and the black vine weevil than the aqueous application 
(Shapiro-Ilan et al. 2003, 2005). Similarly, in the field experiment in the present 
study, NemaLifeTM formulated EPN applied in biodegradable capsules resulted in 
significantly better control of M. aeneus, compared with the surface application using 
water solution of EPN. 
Application of EPN in infected cadavers showed superior dispersal survival when it 
was compared with the aqueous application (Perez et al., 2003). Similarly, in this 
study the CRS application method provided significantly higher survival in the field 
experiments than the aqueous application. 
Development of a package for the EPN-infected cadavers, and comparative studies 
with the infected cadavers and aqueous application in the control of Diaprepes 
abbreviatus and Aethina tumida, resulted in improved EPN ability to emerge, easier 
handling in small scale applications, and good mechanical protection of the EPN 
(Shapiro et al., 2010). In the present study, EPN were able to emerge from CRS 
capsules and to infect the bait insects but with controlled delay, unlike the package 
of infected cadavers, from which EPN emerge immediately. 
The potential stress to the EPN caused in this study by formulating and filling of the 
capsules for the CRS, shipping of the capsules to the field (about 100 km), and the 
disturbances caused by the application process, seemed not to have affected the 
EPN in their ability to control the OSB pests in the field experiment. Most probably, 
EPN were protected by the capsule package and formulation. A formulation that 
immobilises EPN saves their energy reserves and prevents them from escaping from 
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the formulation (Grewal and Peters, 2005), and in that way possibly prolongs their 
lives. The NemaLifeTM formulation allows the movement of EPN over the gel 
granules, but not to the extent that they are, for example, able to move in the water 
suspension, or in vermiculite. The capsule package also prevents EPN from 
escaping, and conserves the moisture in the capsule while allowing oxygen 
exchange. 
In the study conducted by Shapiro et al. (2010), the control efficacy of the tape 
formulation (enclosing nematode infected cadavers in tape made of paper and an 
adhesive) was similar to the water solution application and it significantly decreased 
the Diaprepes abbreviatus and Aethina tumida population. The authors suggested 
the possibility to develop the application for a larger scale.  In the present study, the 
CRS application method significantly decreased the pest population in comparison to 
soil application and the control treatment. Similarly, this method could also be 
applied on the field scale. 
5.3 Persistence of EPN in the field 
In OSB (2005 and 2006) and clover (2005) in Finland, EPN persisted after 
application at least until October, which was the last sampling date before the winter. 
In wheat, EPN were not recovered from any of the plots between August and 
October, nor after the winter, although the EPN-treated plots had 6.5 times the total 
bait insect mortality of the control plots. In the OSB experiment in Germany (2006), 
EPN persisted for seven months, from October until the following year May. 
In OSB in Finland, the CRS method resulted in a significantly higher intensity of 
persisted EPN compared with the surface application method at optimum time, 
despite the presence of a naturally occurring fungus and a parasitic nematode in the 
treated area. The plant cover did not have a significant effect on the length and 
intensity of EPN persistence. No earlier study appears to have compared the impact 
of different application methods (other than aqueous applications) in the field. 
The total mortality increased over years in OSB in Finland, and the soil application 
method had a larger effect than the surface application. In 2006, OSB hosted four 
times more of susceptible individuals (M. aeneus+Phyllotreta spp.) than in 2005. 
Nevertheless, the dependence of EPN persistence on the number of hosts available 
(combining the efficacy and persistence data) could not be determined, since more 
than two years of experimental data are needed. Some studies have shown a 
connection between the number of insects available in the field, and the number of 
EPN and persistence (e.g., Efron et al., 2001). Additionally, in the present study, 
OSB always had a higher total mortality of bait insects than clover and wheat, 
indicating that the large supply of potential EPN hosts in a crop improves their 
persistence in the field. 
The results from this study are consistent with many studies that report EPN 
persistence of weeks or up to several months (Buhler and Gibb, 1994; Wilson and 
Gaugler, 2003). Surprisingly, EPN could not be recovered from the soil samples from 
wheat, but the total mortality of bait larvae nevertheless was significantly higher in 
the treated than in the untreated plots. Labelling the factor(s) causing the 
significantly higher mortality of bait larvae as “unidentified insect antagonists” would 
be poor, since the phenomenon occurred only in the treated plots. EPN do not 
always reproduce, and thus may not be detected in bait larvae. One reason could be 
a low infectivity and exhaustion of the EPN, which may be capable of causing 
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mortality but not of reproduction. Additionally, a weak or low population of EPN could 
cause mortality via mechanical damage while not causing septicaemia as a result of 
low or weak population of persisted EPN. 
In Finland, EPN were not recovered after the winter from any crop. EPN were not 
recovered from the samples taken from the clover field, where OSB experiments 
were conducted in the previous year, nor from the OSB field where clover 
experiments were conducted in the previous year. This suggests that regardless of 
the crop used in the rotation, the applied EPN did not survive the winter. 
Nevertheless, in a study conducted in agricultural fields with light soils in Finland, 
commercially applied EPN, using a Swedish strain of S. feltiae, resulted in 
successful recovery of EPN after the winter period (Hokkanen, personal 
communication). A Finnish Steinernema spp.  strain  persisted  for  two  years  after  
application in the sandy soil in strawberry fields, but were not recovered after that 
(Vainio and Hokkanen, 1993). These different results indicate that not only climatic 
conditions are critical for EPN survival, but also some other factors. 
Grewal et al. (1994a) reported that the temperature range for S. feltiae successfully 
to infect Galleria mellonella is 8–30°C, the reproduction range being 10-25°C, and for 
the establishment within a host 8-30°C. For survival, S. feltiae uses the freezing 
tolerance strategy, but it dies after 6 days when the freezing (at -4°C) is prolonged 
(Brown and Gaugler, 1996). Additionally, S. feltiae loses its infectivity after being at 
low temperature (5°C) for some weeks in sand, but after some time the infectivity 
returns (Xuejuan and Hominick, 1991). According to those results, S. feltiae could, 
as a freezing tolerant species, survive low temperatures and retrieve the infectivity 
and reproductive capacity, but if the frost lasts for a longer period, as happens in 
Finland, it could die. On the other hand, S. feltiae naturally occurs in Finish soils, 
showing that the species can survive the long period of frost in the soil. It is likely that 
there are differences between strains of S. feltiae, and that the strains from Finland 
or Sweden (in the above mentioned studies), are better adapted to the local 
temperatures. 
In Germany, the population of S. feltiae was recovered after the winter but in 
significantly lower numbers; it survived, and remained infective and reproductive. 
However, the EPN intensity decreased significantly after winter, when, from February 
onwards, EPN remained at low levels until May, while in July EPN could not be 
recovered from any of the soil samples. EPN populations that have been exposed to 
temperatures below 0°C for many weeks persisted for over 24 months in fields in 
Germany (Susurluk, 2005). The author suggested that low persistence in the 
laboratory in contrast to the longer persistence in the field at low temperatures could 
be due to an absence of the susceptible insects in the laboratory experiments. EPN 
can survive the winter inside some hosts insects (Brown and Gaugler, 1997; 
Susurluk, 2005; Ehlers, personal communication). The persistence recorded in 
German soil samples, in the present study, could suggest that EPN survived due to 
recycling in D. radicum. After the winter a second generation of D. radicum, OSB 
weevils, M. aeneus and D. brassicae were available. However, the results on insect 
abundance (Buchs, personal communication) from the same experimental plots as 
used in the present work, showed that none of the sampled insect species was 
significantly affected by the EPN application. The effect of the applied population of 
S. feltiae on the first and second generation of Delia spp. abundance, and the 
autumn root assessments was not significant. Similarly, a later insect sampling, 
which assessed the number of spring insects such as M. aeneus, D. brassicae Delia 
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spp. (second generation), C. pallidactylus, Staphylinidae sp., also showed non-
significant effect of S. feltiae. Spring root assessment, and bud damage were not 
significantly different between the treated and untreated plots. Higher reduction of 
the pest population in the spots where a photoeclector was erected was attributed to 
the presence of EPN there, since EPN tend to have a patchy distribution in the field 
(e.g. Spiridonov and Voronov, 1995). In contrast to the autumn application time, 
early summer application time of EPN resulted in relatively high control (56% on 
average) of M. aeneus and other insect pests (Hokkanen et al., 2006). The control 
range of M. aeneus (14-97%) depended on the country (Estonia, Finland, Germany, 
Poland, Sweden, and UK) and the year. Early summer application of the EPN 
resulted in at least five months (April-September) persistence, but samples from 
every country were not tested for persistence (Zec-Vojinovic, data not shown). Thus, 
it seems that the early summer application might be a better application time than 
the autumn application. 
Susurluk (2005) reported a long persistence of H. bacteriophora in several crops in 
terms of prevalence (number of positive samples). The longest persistence was 22 
months in bean, followed by wheat with an undersowing of red clover. The shortest 
was only 1 month in the potato field, while longer persistence of the nematode were 
detected in lupin (13 months) and in oilseed rape (12 months), where the prevalence 
was not high over the winter. Additionally, he recorded a high persistence in cereal 
crops (13 months), in terms of the number of positive soil samples in a 
conventionally managed farm. The persistence in the wheat field that lacked 
potential hosts for EPN was not explained, but the insects were not sampled in that 
study. The results from OSB fields in Germany are consistent with the present study, 
except that in this work the EPN population diminished during the summer. 
Clay soil, as was in the experiments in Finland, is considered unsuitable for EPN 
infectivity, movement, and survival. Campos-Herrera et al. (2008) reported that clay 
content significantly and negatively correlated with EPN natural population density.  
Kung et al. (1990) observed a rapid decline in survival in clay soil. One reason of not 
surviving the winter could also be an effect of the clay soil in all experiments. In 
Germany the soil was silty clay loam, and in Finland in the previous study it was light 
soil. Rovesti et al. (1990) observed that, in general, all EPN species in their field 
experiment persisted longer in silty clay than in clay soil. Nevertheless, the soil type 
could be just one of the factors contributing to the different persistence patterns in 
Germany and Finland (where the EPN probably recycled based on the significant 
reduction of the pest population in treated plots). 
5.3.1 Impact of biotic and abiotic factors on EPN persistence 
All examined factors affected the S. feltiae recycling and/or persistence. 
5.3.1.1 Impact of I. fumosorosea  
I. fumosorosea significantly decreased the number of the new generation of EPN in 
the simultaneous application, by disturbing their recycling.  
An effect of a fungal insect pathogen on EPN reproduction and progeny can vary. 
Ansari et al. (2004) found that simultaneous application of M. anisopliae with H. 
megidis alone had no significant effect on EPN reproduction, when compared to the 
application of H. megidis, but a combination of a higher concentration of M. 
anisopliae resulted in an antagonistic effect on H. megidis reproduction. Later, Ansari 
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et al. (2008) found that nematodes developed normally and produced progeny 
usually excluding the fungus, probably because antibiotics produced by the 
nematode-associated bacterium, P. luminescens, inhibited fungal multiplication. 
Barbercheck and Kaya (1991) reported that B. bassiana and S. feltiae rarely both 
produce progeny in dually infected hosts. They observed that application of 
nematodes within 24 h after the application of B. bassiana prevented or inhibited the 
growth of the fungus, while the application of nematodes 48 h after the fungus 
application resulted in exclusion of the nematodes. Acevedo et al. (2007) observed 
that nematodes inhibit conidial production when a moderately virulent fungus was 
inoculated simultaneously or after the nematode. When highly virulent fungus and 
nematodes were simultaneously inoculated, EPN reproduction was significantly 
reduced. 
In the present study, simultaneous application of the relatively highly virulent isolate 
of I. fumosorosea resulted in a significant reduction of S. feltiae progeny. The reason 
for the EPN exclusion in this case could also be the occupation of the insect 
cadaver, where no tissue was left for the feeding of S. feltiae and its bacteria. Even 
though dual infections can result in improved speed of killing, compared to singly 
infected hosts, antagonistic interactions between I. fumosorosea (Finnish strain) and 
S. feltiae in dually infected hosts can adversely affect pathogen development and 
progeny production. 
5.3.1.2 Impact of EPN ability to penetrate and to recycle in M. aeneus  
The percentage of M. aeneus individuals in which EPN penetrated was low, but not 
significantly different between the insect’s developmental stages. EPN can also 
successfully reproduce in all stages of the pollen beetle, although the overall 
proportion of insects with successful EPN reproduction was also low. All stages had 
a similar percentage of individuals producing progeny, and also of individuals not 
producing progeny. The new generation IJ were smaller in size than the applied 
population of IJ. 
A problem with small bodied insects is the low number of EPN that can be produced 
in them (Nielsen and Holgar, 2003). Susceptibility of first and second larval instars of 
Delia radicum, which are around two mm long, to EPN was studied by Bracken 
(1990), Vanninen et al.  (1992), Sulistyanto et al. (1994), and Nielsen (2000). EPN 
were able to penetrate D. brassicae, D. radicum and M. aeneus but, because of the 
pests’ size, they could host only low numbers of recycled EPN (Nielsen and Holgar, 
2003). The new generation IJ were smaller than their standard length, when more 
than 900 IJ per one mg of larva were produced. Similarly, in the present study, the 
new generation EPN were smaller in size. However, the present study was not 
consistent with the finding of Nielsen and Holgar (2003), since a very small number 
of individuals hosted the (low) EPN progeny. A reason for the low recycling rate 
could be that too many EPN penetrated the host, or the host’s inability to produce 
sufficient number of EPN. Microscopic observation indicated that not more than one 
adult female S. feltiae can live in the larval stage of M. aeneus. 
5.3.1.3 Brassica plant and fertilizers impacts on EPN recycling 
EPN ability to produce progeny was affected by Brassica plant, fertilizers, and their 
combination. The highest negative effect was due to the plant+organic fertilizer 
treatment, while the highest positive effect was due to the plant+synthetic fertilizer 
treatment. 
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All previously mentioned conditions that affect the EPN efficacy, indirectly affect the 
EPN persistence. Besides those, Jaworska and Ropek (1994) observed that EPN 
were absent from the plots with high nitrogen levels (480 kg/ha). Bednarek and 
Gaugler (1997) reported that high inorganic fertilizer concentrations inhibited 
nematode infectivity and reproduction, and concluded that organic manure might 
encourage S. feltiae establishment and recycling, while inorganic fertilizers could 
reduce the persistence of EPN. These results and suggestions are opposite to the 
results of the present study, indicating that the effect of these factors cannot be 
generalised until further data are obtained. Duncan et al. (2003) used dry and liquid 
fertilizers in the plots with EPN, and did not report any impact of the fertilizer on the 
survival of both the endemic and the applied EPN species. The present study also 
supported the inconsistence in the impact of the different fertilizers and chemicals on 
the recycling and survival of EPN. 
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6 CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER 
RESEARCH 
This chapter summarizes the main findings of the study and suggests their 
implication on a broader scale for the biological control (BC) with 
entomopathogenic nematodes (EPN). It also recommends further research that 
would deepen the understanding of certain mechanisms and phenomena, and 
would provide more concrete guidelines for the use of EPN in biocontrol. 
Comprehensive horizontal survey across OSB fields in northern Europe confirms 
that entomopathogens naturally occur in agricultural fields, but in insufficient 
quantities. The prevalence of EPN and parasitic nematodes (PN) was low, while 
of entomopathogenic fungi (EPF) it was relatively high. The relative intensity was 
low for all agents. 
The measure of relative intensity could detect differences between countries, 
while prevalence could not. Measuring the occurrence of entomopathogens and 
insect antagonists as prevalence and relative intensity, provided more detailed 
information useful for the planning of a biocontrol strategy. 
Integrated crop management (ICM) resulted in an increase in the relative 
incidence of insect antagonists and nematodes already one year after 
implementation, probably due to less disturbance, less frequent and less 
intensive working of the soil, and lower use of pesticides. However, more years of 
practicing the ICM system are needed to significantly increase the impact of the 
studied insect antagonists, especially the EPF, which were not significantly 
affected in this study. The measure of prevalence did not detect any difference 
between the two different management types of the crop. Further studies would 
be needed to conclusively compare the prevalence and relative incidence of 
inoculatively applied EPN, and to compare their persistence and efficacy between 
the two different management systems. 
S. feltiae was shown to be effective against M. aeneus and Phyllotreta spp. in the 
laboratory and in the field. Excellent control of M. aeneus in  the  field  was  
achieved when the soil surface application targeted all stages of the pest, rather 
than only the larvae. Soil surface application at the peak of the larval pupation in 
the soil as an application timing is not feasible. Laboratory experiments showed 
that S. feltiae caused mortality of M. aeneus in a number of ways, possibly by 
causing mechanical damage, septicaemia, or in some cases both. 
OSB plant cues, and organic and synthetic fertilizers applied at common rates did 
not seem to influence the efficacy of S. feltiae, except indirectly because EPN 
aggregate around the plant, fertilizers and their combination, rather than search 
for insects. 
Simultaneous application of S. feltiae with the fungus I. fumosorosea strain IME-
05 resulted in improved efficacy and speed of kill against the larvae of M. aeneus. 
When the speed of kill is irrelevant, the combined application is not more effective 
than S. feltiae alone. Further studies should be aimed at determining the most 
appropriate dose of the pathogens for optimising their efficacy. 
The controlled release system (CRS), resulting in slow release of EPN, showed 
potential in prolonging the shelf life and infectivity of IJ at room temperature in the 
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laboratory studies. IJ caused a significantly higher mortality (63% higher) when 
they were released from CRS than when they were applied all at the same time. 
The CRS application method shows promise in the practical control of M. aeneus 
and Phyllotreta spp. in the field, because it provides protection to the EPN, 
targets all stages of M. aeneus, and allows flexibility in timing of the EPN 
application. However, improvement of the CRS packaging for its commercial 
production is necessary. After that, the ability of EPN to emerge, their survival, 
and infectivity should be tested. It would also be worth testing an autumn 
application of CRS, which would provide information on its ability to protect EPN 
during the winter, and thus enable the control of pests in the spring. 
In Finland, the persistence of commercially produced S. feltiae in clay soil in the 
OSB rotation system, which commonly includes wheat and red clover, is not 
suitable for long-term EPN persistence. The crucial factor for the longer 
persistence of the strain used in this study seems to be winter, and the low 
temperatures with frost. In general, the CRS application method was superior in 
persistence to the soil surface aqueous application. 
The persistence in clover showed a similar pattern of survival and persistence as 
in OSB, while wheat was an unsuitable crop for EPN persistence in Finland. It is 
likely that some EPN survived in wheat, but they were incapable of penetrating 
and/or of reproducing in the bait larvae. Application in Germany of S. feltiae in 
oilseed rape in autumn supported the persistence over a relatively long period (7 
months), but EPN did not persist in sufficient numbers to decrease pest 
populations in the following spring. EPN did not use Delia spp. for recycling, and 
thus this insect had no impact on the EPN population. 
The crop to be included in the OSB growing system, red clover, is probably a 
more suitable crop for EPN survival and persistence than wheat. In the tested 
conditions, the inclusion of wheat in the growing system decreased the EPN 
intensity. This is not of high importance for Finland, where winter in any case 
limits the survival of (currently available) commercially produced S. feltiae, but 
could be a more successful solution in countries with warmer climates. Further 
research should answer the question whether the different crops in the OSB 
system, and wheat with clover as an intercrop, would enhance or support EPN 
survival, persistence, and infectivity. Additionally, the two methods, CRS and soil 
surface aqueous application, should be compared. For the climatic conditions in 
Finland, a naturally occurring EPN should be tested under the field conditions for 
its efficacy and persistence in the OSB growing system. 
The fungus, naturally occurring in the OSB fields and elsewhere in Finnish soil, I. 
fumosorosea strain IME-05, had a significant and negative impact on the EPN 
multiplication. 
According to the laboratory experiments, EPN can penetrate and recycle in all 
stages of M. aeneus. However, the proportion of individuals in which EPN 
penetrate and recycle is low.  
Commercially produced S. feltiae is effective against OSB pests in the field when 
it is used for targeting all stages of M. aeneus. The degree of the pest control 
depends on careful planning, which employs an integrated system approach that 
includes soil and environmental conditions, biotic and abiotic factors, dose, 
timing, and method of the application. Controlled release and slow delivery 
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systems could provide a protected environment, successful delivery, and 
preserved infectivity for S. feltiae. It could also be used in other crops and for the 
purposeful inoculation of agricultural fields, with the aim of facilitating long-term 
conservation biological control of insect pests. 
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